Numerical Examples in Physics 


[For I. Sc. students of Indian Universities, Bihar Intermediate Board, 
Medical and Engineering Entrance Test, I. I. T., I. S. M. 
(Dhanbad) and other Competitive Examinations] 


N, N Ghosh, M. Sc. 
Reader, Department of Physics 
St. Xavier’s College, Ranchi 


[With S. I. Units] 


“BHARATI BHAWAN 
PUBLISHERS-4 


DISTRIBUTORS; 


Published by 


BHARATI BHAWAN (Publishers & Distributors) 
Govind Mitra Road, Patna-800 004 


Branches : 

RANCHI, 20, Jail Road (East), Tharpakhna. 

DARBHANGA, New Market, Tower Chowk. 

MUZAFFARPUR, Banka Bazar, Motijhil. 

CALCUTTA, Room No. C-11, (First Floor) Coltege Street Market. 


Agencies : 
PATNA, B. B. Agency, G. M. Road, 
BHAGALPUR, Bharati Bhawan (Ageney), Dr. Rajendra Prasad Road. 


JAMSHEDPUR, Sen Book Stores, Godown No. 8, Tank Area, Sakchi 
DHANBAD, Vidya Bhawan, Rly. Cinema Road. 

GAYA. Universal Book Agency, Choudhury Compound, G. B. Road. 
CALCUTTA, Gyan Bharati Prakashan, 171/A, Mahatma Gandhi Road. 
CALCUTTA, indian Publishing House, 22/1, Vidhan Tarani, 


© Author 


Ace. no- Ibh EL 


First edition, 1979 
Fourth edition, 1988 


Printed at Tapan Press, Patna-800 004 


PREFACE TO THE FIRST EDITION 


With the introduction of new courses of studies system of 
examinations in Indian Universities in general and Ranchi University 
in particular I have felt the necessity of writing a book on numerical 
examples in Physics introducing S. I. units. The courses of studies 
are so thoroughly revised and upgraded in all the universities that 
none of the books available in the market covers the entire course. 
Moreover those books are in C.G.S. and F.P.S. units. Though in 
writing this took I have graded the chapters according to Ranchi 
University courses of studies, I have not neglected the interest of 
those students who want to prepare themselves for various competitive 
examinations such as [.I.T., B.I.T., I.S.M. (Dhanbad), P.M.D.T. etc. 
entrance examinations. Those chapters not included in the courses 
of studies of R. U. are given in appendices I, II, III, IV and V. 


My main aim in writing this books is to create keen interest, 
lively enthusiasm and confidence among students in tackling numeri- 
cal problems in Physics. I shall deem my labour rewarded if the 
students and teachers really find it to their liking and usefulness. 


This is an age of electronics. While students having ‘electronic 
calculators’ may freely use them to make arithmetical simplifications, 
students in general should learn use of log tables and make frequent 
use of them. For convenience of those students who do not know use 
of log tables, I have devoted one complete chapter (Chapter I) on 
‘Use of Log Tables’. Students are strongly advised never to indulge 
inordinary lengthly methods of arithmetical simplifications. 


As the book had to be passed hurriedly through press, there is 
every likelihood of mistakes here and there. I shall be very much 
thankful if the students and teachers using this book draw my 
attention towards them. 


Valuable suggestions for improvement will always be thankfully 
acknowledged. 


July, 1979 
St. Xavier’s College, Ranchi N. N. Ghosh 


PREFACE TO THE SECOND EDITION 


In the first place I express my thanks to all teachers of Physics 
and students for their appreciation of the book. The contents of this 
edition remain the same; only they have been recast according to the 
new Intermediate Syllabus. Appendices of the first edition have 
been removed and the matters therein have been included in the 
appropriate chapters. Some new problems have been added and 
difficult problems have been ‘star’ marked. In the first attempt they 


may be left out. I hope the book as a supplement to ‘Introductory 
Physics’ will be helpful. 


St. Xavier’s College, Ranchi N. N. Ghosh 
PREFACE TO THE THIRD EDITION 


It is a great pleasure to prepare the third edition of this book. 
In this edition it has been my sincere endeavour to revise the book 
thoroughly well with few additions of problems illustrating new ideas. 
In compliance with the suggestions of some learned teachers every 
example in light has been solved in all conventions—o/d convention, 
coordinate convention and new (modern) convention. Realising the 
difficulties of the Biology students and average students the problems 
in exercises have been screened judiciously and easy problems have 
been sorted out for them in group A. Problems in group B are 
meant for competitive examinations only. I hope the book will 


now be more useful to the average students and also the students 
preparing for various competitive examinations. 


St. Xavier's College, Ranchi N. N. Ghosh 


PREFACE TO THE FOURTH EDITION 


In this edition worked out exam 
all the chapters and a few problems 
In light old convention has been d 


ples have been increased in almost 
have been added in the exercises, 
topped and modern convention 


September, 1988 


St. Xavier's College, Runchi N. N. Ghosh 


IMPORTANT MATHEMATICAL RESULTS 
1, Important trigonometric relations 
(i) Sin (A+B)=sin A cos B+cos Asin B 
-(ii) cos (A+B)=cos A cos B—sin A sin B 


C+D , a GD: 


(iii) sin C-+sin D=2sin—;~— 5 or a 


C+D . C-D 
seafood Pas 


(iv) sin C—sin D=2cos 


(v) cos C-+cos D=2cos c 


TP egg eee 
2 2 


CEDIA ED 


(vi) cos C—cos D= — 2sin 5 7 


(vii) sin2d=2sin A cos A 
(viii) cos2A =cos?A —sin?A =1— 2sin2A =2cos*A— 1 
(ix) sin34=3sin A—4sin®A 
(x) cos34 =4cos*A —3cos A 


2. Properties of a triangle 


a 
oy ate A A, B C 
(i) sine property : ma enaB an Eo where and C are the 


angles and a, b and c are the sides opposite to A, B and C respec- 
tively. 

(ii) cosine property : c? = a*+-b*—2ab cosC; a? = b? c? — 2be cosA 
and b?=c?+ a?—2ca cosB. 

(iii) Area of a triangle A =4bc sin A or 4ca sin B or łab sin C. 


3. Expansion formula 
(1--x)"= 1+ax+ MAD x Ma“ D0- PIE? So Hees 
When x is very small, (1-++x)"=1--nx. 


4, Importants differentials 


(i) y= x" dy =nx""!dx 
(ii) y=e™* dy =ae"*dx 


(vi) 


(iii) y=sin ax dy=a cos axdx 

(iv) y=cos ax dy= —a sin axdx 

(v) y=tan ax dy=a sec? axdx 

(vi) y=cot ax dy= —a cosec? axdx 
(vii) y=sec ax dy =a sec ax tan axdx 
(viii) y=cosec ax dy= —a cosec ax cot axdx 


5. Important Integrals 


: nif eee E 2 dx _ 

(i) fx dx al when n# —1 and when n= — 1E =logex 
i nye et 
(ii) fe dx= > 


Gi) {sin axdx— — 228 8 
(iv) | cos axdx= 2 

(v) fian axdx=— = oeoo 
(vi) foor axdx= t logsainass 


(vii) {sect axdx = tan ax 
a 


(viii) | cosec? axdx = — £0t ax 
a 


; dx 
(ix) fa =tan7 Z 


i d. 
(x) f E * 
vax a 


S dx 
(xi) f Ja p achat vias 


(vii) 
6. Maxima and Minima 
The condition for maximum or minimum of a function y with 


2 
respect to a variable x is that pa and for maximum es must be 


2 
ee must be positive. For illustration 


see Ex. 5 Chapter 4 and Ex. 7 Chapter 7. 


negative and for minimum 
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Some Physical Constants 


Speed of light c 
Gravitational constant G 
Universal gas constant R 
Permeability constant Ho 
Permittivity constant € 
Avogadro’s constant N 
Boltzmann constant k 
Planck’s constant h 
Elementary charge e 


Electron rest mass Me 
Electron magnetic moment He 
Acceleration due to gravity 

(standard) g 
Standard atmospheric pressure atm 
Density of water at 4°C 
Rydberg Constant R 

000 


3x108 ms 
6°67 xX 1071 Nm@kg-? 
8°31 J mol K-* 
4n x 1077 Hmh- 
8°85 x 10744 Fim 
6:02 x 1028 mol- 
1°38 x 10-23 JK-4 
6°63 x 10734 Js 
1:60 x10- C 
9:11 x 10731 kg 
9-27:x 10-24 JT 


9°80 ms-* 

1:01 x 10° Nm 
1000 kg m 
1:097 x 10? mrt 
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CHAPTER | 
UNITS AND DIMENSIONS 


1. Unit : To measure a physical quantity and express its: measure 
we require a'standard of that physical quantity. This ‘standard’ is 
called unit of that physical quantity. Measure of any physical quantity 
=nu where n=numerical value of the measure of the quantity, 
u=unit of the quantity. 


2. System of units: The common systems of units are (i) Foot 
Pound Second (F.P.S.) system, (ii) Centimetre-~Gramme-Second 
(C.G.S.) system, (iii) Metre-Kilogramme-Second (M.K.S. or Giorgi) 
system, (iv) recently developed Systeme’ Internationale (S.I.) d’ 
Unities. 


3. Base units: In Science there are certain physical quantities 
which are very fundamental in nature. There is no way out but to 
define ‘Standard or Units’ for such quantities, Units of all other 
quantities can be derived from the units of these quantities. Such 
quantities ‘are called basic or fundamental quantities. The units of 
these quantities are called ‘base units’ of the system. In mechanics 
three base units are required. These are units of length, mass and 
time. In heat and thermodynamics besides these three we require 
standards for two more quantities, namely, temperature and amount 
of ‘substance. In electricity and magnetism we require besides the 
three base units in mechanics, a standard for current. In light a 
standard for luminous intensity is required. Thus in all in any self- 
consistent and well developed system of measurements ‘seven’ base 
units are required. Recently there is an all round attempt to develop 
such a system of measurements. As a result of such attempt there has 
emerged a new system known as the Systeme’ Internationale d’ 
Unities abbreviated as S.I. system of units. P 

The seven base units in S.I. are : 
(i) the metre (m), the standard of length 
(ii) the kilogramme (kg), the standard of mass 
(iii) the second (s), the standard of time 
(iv) the ampere (A), the standard of electric current 
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(v) the kelvin (K), the standard of temperature 
(vi) the candela (cd), the standard of luminous intensity and 
(vii) the mole (mol), the standard of amount of substance. 


Definitions of base units: 
The metre (m) : 
This is defined as 1650763°73 of the wavelength, in vacuo of the 
orange light emitted by sK% in transition from 2pj9 to 5d;. 
The kilogramme (kg) : 


This is defined as the mass of a platinum-iridium cylinder kept 
at Sevres, 


The second (s) : 


This is the time taken by 9192631770 cycles of the radiation 
from the hyperfine transition in caesium when unperturbed by exter- 
nal fields. ` 
The ampere (A) : 


This is defined as the constant current which, if maintained in 
each of two infinitely long straight parallel wires of negligible cross- 
section placed 1 metre apart, in vacuum, will produce between the 
wires a force of 2x107 newton per metre length of the wires. 


The kelvin (K) : 


In SI, temperatures are measured on the thermodynamic scale 
with absolute zero as zero and the triple point of water (i.e. the 
temperature at which ice, water and water vapour are in equili- 
brium) as the upper fixed point, The interval is divided into 273-15 
divisions and each division is taken as unit temperature, 
is called kelvin. 


The candela (cd) : 


This is defined as the luminous intensity in the : 
irecti erpendicul: 
direction of a surface of 1/600000 square metre of a full ar a 


the temperature of freezing platinum under a 
ressu. 2 
newton per square metre, h Beye 01325 


This unit 


The mole (mol) : 


The mole is the amount of substance which contains as many 


elementary entities as there are atoms in - ; 
; n :012 
isotope ,C™. 2 kg of thé carbon 
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4, Prefixes and Multiplication Factors and their names in SI : 


Factor Prefix Symbol p Factor Prefix Symbol 
102 tera R 10-3 milli m 
10° giga (billion in G 10-8 micro m 
America) 10-° nano n 
10° mega (million in M ; 10-22 pico p 
America) | 40-15 femto f 
108 kilo | 10-28 atto a 


5. Derived units ; Units of all other quantities may be obtained 
by combining base units. These units are called derived units. 
Often derived units are given names. For example, the unit of force 
in SI is kg m s~®. It has been given the name ‘newton’ (N). The unit 
of power is kg m? s-®, It has ‘been given the name watt (W). 


6. Some important derived units : Through common usage, certain 
multiples and submultiples of the fundamental units have been given 
names, We will use them here and there but it is to be borne in 
mind that these are not recognised in SI. 


Micron (um) =10-* m "Are (a) =100 m? 
Angstrom (A) =10-° m Barn (b)= 10-28 m? 
Farmi ( fm) = 10-15 m 
7. Dimensions : The dimensions of a. physical quantity are the 
powers of the fundamental quantities to which they are to be raised 
to, represent a unit of that physical quantity. The dimensions of 
fundamental quantities are expressed as (i) that of length by L, 


(ii) that of mass by M, (iii) that of time by T, (iv) that of current 
by J, (v) that of temperature by K. 


Symbolically dimension of a physical quantity is written by put- 
ting that physical quantity within brackets such as this : [A] and it 
is read as ‘dimension of A’. 


8. Uses of dimensions : (i) To change values of a physical 
quantity from one system into another. 


(ii) To test the correctness of the results already arrived at. 


(iii) To determine exact relation among physical quantities which 
are likely to be interlinked. 


Some important physical quantities and their SI units. with 
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standard abbreviations: i 


Paysical SI unit | Abbrevia- | Physical SI unit Abbrevia- 
quantity tion quantity tion 
Mass kilogramme kg Conduc- 
Length -© metre m _ tance siemens S 
Time second ss S Tempera- kelvin K 
Force. newton N ture or celsius G 
Energy Amount of 

or work joule 5 substance mole mol 
Power —_—iwatt W Luminous 
Current ampere A intensity , candela cd 
Charge coulomb Cc Illuminance lux Ix 
PD: volt y Luminous ; 

‘Resistance ohm Q (omega) flux lumen Im 
Capacitance farad F Frequency hertz Hz 
Magnetic : Pressure pascal Pa 

flux weber wb 
Magnetic 
induction 5 
field tesla F 
EXAMPLES 


Ex. 1. Find the dimensions of the following quantities : (i) Velo- 
city, (ii) Acceleration, (iii) Force, (iv) Angle, (v) Angular yelocity, 
(vi) Density, (vii) Pressure, (viii) Kinetic energy, (ix) Couple, (x) Cons- 


tant of gravitation, (xi) Coefficient of viscosity, (xii) Permeability of 
a medium. 


Sol. (i) Velocity = Distance, ». . [Velocity [Distance] L 


~ Time’ [Time] 7 
LISI *, 
ey tion. Velocity, . i aq [Velocity] LT- 
(ii) Acceleration = ime? <. [Acceleration] = [Time] coer 
= LG, 
(iii) Force = Mass x Acceleration; .*, [Force]= [Mass] [Acceleration] 
: = MLT-?**, 


AEG commit to memory: 
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(iv) Angle = Distance : +. Angle is dimensionless. 
 __ Angle; 1 = [Angle] 
(v) Angular velocity = Time? [Angular velocity] [Time] 
=T. 
; e AA MUSES oa „1 [Mass] _M_ ML- 
(vi) Density = oume” nt [Density] = Vome] E ML. 
-2 
(vii) Pressure = EOTS, ate [Pressure] = ones) = 


= MLT. 
(viii) Kinetic energy =} Mass x Velocity’; 
<. [Kinetic energy] =[Mass][Velocity]* = M apa E 
(ix) Couple = Force x distance; 
~. [Couple] = [Force] [Distance] = MLT; L=M: DI 
(x) Constant of Gravitation occurs in Newton’s law of gravita- 
tion i.e., in the formula, F=G Dor ; 
3] MLTE 
Gl= [F] [d°] _ = MILT- 
(l= ml md MM 
(xi) Coefficient of viscosity occurs in formula 
Avnet [F] [x] . MLT#L a 
F= SETS ee S MEE. 
n Dl =a LIS 
(xii) Permeability occurs in Ampere’s law of force, namely 


AF=p ca sind, 


[Hl = _ AFM] MLT’L MLT. 


Illustration of change from one system into another : 


Ex. 2. The value of a force acting on a body is 20 newton 
(newton is unit of force in SI), What is the value of this force in egs ? 
Sol. Dimension of force = MLT. j 
Unit of force in SI=kg m s? 
nC Reet in cgs=gm cm s~*. 
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Let n be the numerical value of the force in cgs. 
3 20 kg m s?=n gm cm s7?; 


-3 a 
n=20(*8.)( m X5) pao( 1000 gm X 100 cm ) 
gm /\ cm s gm cm 
„or n=20x 1000x 100=2 x 105; 
: 20 newton=2 x 10° dyne. Ans. 


Illustration of checking correctness of an equation by the method of 
dimensions : ; 


Ex. 3. Check by the method of dimensions whether the following 
relations are true— 


(i) t=2n A > (ii) v= J 5 where v=velocity of sound} P=pre- 
ssure and D=density of medium. 
(iii) n ede uf E where n=frequency of vibration of a string, 1=length 


of the string, F=stretching force and m=mass per unit length of the 
string. 


So. O (RWS JE- Jia 

[L.H.S.]=[t]=T. Hence the relation is correct. 

(ii) [RH.S.]= J5- yua te irga 
[L.H.S.]=[y]=LT-. 
Hence the relation is true. 

1 /{[F] 1° /MET= 4 


CEET 


usj- Arubi Tya 
Hence the result is correct. 
Illustration of the third use of dimensions : 
Ex. 4. Assuming that critical velocity of flow of a liquid through 


a narrow tube depends on the radius of the tube, density of the liquid 
and yiscosity of the liquid, find an expression for critical velocity. 
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Sol. Suppose, v= krtp?n? where r=tadius of the tube, p=den- 
sity of liquid: and n=coefficient of vicosity; a, b and c are the uñ- 
known powers tò be determined. 


Ga [v]= [r] [p] [n]. 
or LT = LY M. L) MET) = Mhe La-8b-¢ TC, 
Equating powers of M, L and T- we have 
s b+c=0 
a—3b—c=1 
and == ~l. 


Hence c= 1, b= —1 and a= -—1. 
w y=krpnt or v=kn/rp. Ans. 


EXERCISES 
(A) 


1. Obtain the dimensions of the following physical quantities—(i) mo- 
mentum, (ii) moment, - (iii) impulse, (iv) power, (Vv) frequency, (vi) angular 
acceleration, (vii) velocity gradient, (viii) surface tension, (ix) moment of 
inertia, (x). €, permittivity ofa medium, (xi) thermal conductivity, (xii) stress 
(xiii) strain, (xiv), Young’s modulus. 

[Ans. (i) MLT, (ii) ML*T-2, (iii) MLT—, (iv) ML*T~, (v) T+, 
(vi). T73, (vii) T=, (viii) ML°T-, (ix) ML’, (x) MLT, (xi) MLT K-, 
(xii) ML-'T-*, (xiii) No dimension, (xiv) MZ~1T-*.] 

2. Acceleration due to gravity in F. P. S. system is 32:2. What is the 


value in SI ? : (Ans. 9°82 m s~?) 
3. The value of coefficient of viscosity in cgs is 12, What is the value of the 
sameinSIl? . (Ans. 1:2 Ns m-*) 
4. Surface tension of water in cgs is 72 dyne per cm. What is the value 
in SI ? (Aus. ‘072 N m7), 


5, The value.of acceleration due to gravity is 980 cm/sec*. What will be its 
value if the unit of length is kilometre and that of time is an hour ? 


(Ans. 1:27 10° km hour-*) 


a 
6. Obtain the formula t=k / — by the method of dimensions. 
af 8 


F Assuming that the largest mass that can be moved by a flowing river 
depends on velocity of flow, density of river water and on acceleration due to 
gravity, show that the mass varies as the sixth power of velocity of flow. 


8. The velocity of sound in a gas depends on its pressure and density. Obtain 


the relation among velocity, pressure and density, 
P 
Ans. V=k / 
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9. The viscous force on a spherical body when it moves through a viscous 
liquid depends on radius of the body, coefficient of viscosity of the liquid and 
the velocity of the body. Find an expression for the viscous force. 

(Ans. F=kry) 

10. The rate of volume flow of water through a canal is to found to be a 
function of the area of cross-section of the canal and velocity of water. Show 
that the rate of volume flow is proportional to the velocity of flow of water. 


(B) 
11. Show that the following are of the dimensions of energy— | 
(i) mc? where m=mass and c is velocity of light. 


(ii) = where P=pressure and p=density of liquid and m=mass. 

(iii) mB where m=magnetic moment and B=magnetic induction field. 

12. Show that RC, where R is the resistance and C is the capacitance, is of 
the dimension of time. : 

13. Using force (F), length (L) and time ( T) as base quantities, find 
dimension of (i) mass, (ii) surface tension, and Gii) Young’s modulus. 

(Ans. (i) FE-*T?, (ii) FL-1, (iii) FL-*] 

14. If the units of length and force be increased three times, show that the 
unit energy is increased nine times. 

15. A gas bubble, from an explosion under water, oscillates with a 
period Proportional to P*d>Ec, where P is the static pressure, dis the density and 
E is the total energy of the explosion. Find the values of a, b and c. 

(LI.T. 1983) 
: (Ans. a=—5, b=1, c=}) 

16. The time period (¢) Of vibration of a liquid drop depends on surface 

tension (s), radius (r) of the drop and density (p) of the liquid. Find £. 


(1m. sot, 2) 


ooo 


CHAPTER 2 


VECTORS AND SCALARS 


1. All physical quantities fall under two categories—scalars and 
vectors. 


Scalars : 

A scalar quantity is that one which requires only magnitude for 
its complete specification e.g. mass, time, volume, temperature, speed, 
energy, etc. 


Vectors : 


A vector quantity is that one which requires both magnitude and 
direction for its complete specification e.g. displacement, velocity, 
force, acceleration, magnetic field, current density, etc. : 


2. Geometrical representation of vectors : 


Geometrically a vector is represented by ‘directed line segment’ 
i.e. by a line of definite length proportional to the magnitude of the 
vector and to which a direction has been assigned with an arrow- 
head. q 

To represent a vector geometrically first 
select a suitable ‘scale’, say, 1 cm=a@ units 
of the vector. Then draw a line parallel to the 
direction of the vector, cut a length OP from 
it on that scale and finally put an arrow on the 
line ‘along the direction of the vector. Now 
this directed line segment, namely, OP repre- 


oe 
sents the vector. It is written as OP. ‘O’ is Fig. 2-1 
called the ‘initial point? and P, the terminal 


à pu = -> $ > ->i 
point. The vector OP is also written as r, i.e., we also write r=OP: 
3. Definitions : 


(i) Modulus of a vector (in short ‘mod’ of a vector) : 
The modulus of a vector is simply the magnitude of the vector. It 


; : > om 
is written as |r| and read as ‘mod of r. Obviously mod of a 
vector is a scalar. : 


10 NUMERICAL EXAMPLES IN PHYSICS 


(ii) Unit vector : A vector whose ‘mod? is unity is called unit 
vector, 

(iii) Null vector : A vector whose ‘mod’ is zero is called null 
vector. 

(iv) Proper vector : A vector whose ‘mod’ is not zero is called 
a proper vector. 

(vy) Constant vector : A vector whose components are constants 
is called a constant vector, 


4. Addition of vectors : 


> > 
Letaand b be any two 
given vectors at inclination 6 
to each other and suppose that 
_ we have to add them. 


> > >> 
Take OA=a and OB=b. 
Complete thé prallelo- 


gram OACB. Then by theorem 
of parallelogram of vectors, the 


Fig. 2-2 > 
resultant (vector sum). of OA 
> > 
and OB is OC. 
> -> > > > 
n OC=04+0B=a+b. 
> > > 
Now, AC=OB=b. 


ie. CRR > > So 

<“ OC=O0A-+ AC and | OC | =+/a?+-b?--2ab cos). 
c Thus parallelogram. is not 
needed to find the sum of the 
z two vectors. The triangle OCA 
xb is sufficient to find the sum of 
the vectors. In the triangle 


> > 
OAC, OA=a with ‘O° as the 
o A initial point and 4 as the terminal 


. ae! ere . 
point. AC=6 with A as the initial 
point, and C as the terminal point. 


Then Oc is the sum of ge and y. 


oy 
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We can now extend this to ‘summing up’ of a number of vectors. 
For this represent the vectors in 
order by taking ‘terminal point’ of 
one as the ‘initial point’ of the next. 
Then the line joining the initial 
point of the first vector with the 
terminal point of the last vector 
gives the sum of the vectors. 

In the figure 

> => > > 

OC =0A+AB--BC 


> > > 
=a+b-+e. Fig. 2-4 


Representation of a vector in terms of unit vector along the vector : 
> > > >, 
Suppose OA=a and ON=u isa 


3 > > ma : 
unit vector along a. Let | a | =a. OA 


It is quite obvious that the vector a 
Bisa Fe Fig. 2-5 
OA is ‘a’ times the vector ON. 
> > 
< OA=a. ON 
smj 
Poe lied 


. . a 
Usually unit vector along vector a is written as a and read as 
‘a hat’. 5 
A 
=> a 
a=aa | 


5. Representation of a vector in terms of unit vectors along 
co-ordinate axes $; 


(i) In two. dimensions : 


> => 
Suppose i and j are unit vectors * 
along OX and OY respectively and 


OP=r is any vector. 

Draw perpendicular PN from P 
on OX. 

We have, 


on eer re 
OP=ON-+NP. 
=> > => 
But ON=ONi=xi 
> > > 
NP=NPj=y j. 
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> 3 
xiand yjare respectively called x-compo- 
nent and y-component of the vector. 


Clearly, |r| =OP=./ON ENP? 


—_——_—__ 

or | [7] EV | 
WENG > 

Let 0=angle made by 7 with x-axis; 


then PN 


tand=—~. or tano— 2. 
ON x 
_ 
, OF = tani | 
x 
Se 


(li) In three dimensions : 


rane i 
Suppose j; j and k are the unit vectors along co-ordinate axes, 
Draw perpendicular PM 


from P on XY plane and then MN from M 
on OXY. 

Then we have, 

> -> > 

OP=OM--MP 

CUTER 
=(ON+NM) +MP 
> > =y 
Cs from AONM, OM = ON-+-NM). 

Now, ON=xi, NM=yjand MP=2 k 


wirs iy ftekh 


PR — D 
Ir] ~ VOP!= VOM FMP = VON: FNMT MF. 


+ [Eval 
a ee 


a A e ai 
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Let 6,=angle made by Twith Z- Zz 
axis. 
OM 4I 
PM z 


25 tn VAES, $ 
Z 


tan 0z = 


or 


Lz 
Similarly, @s= tan- viz 


ay? 
and 8, =tan fo ost $a 


and 9, are called ‘direction cosines’ 


The cosines of Oz, Oy a 
Then 


of the vector and they are denoted by /, m, and n respectively. 
x=rcose,=rl. Similarly, y=rm and z=rn. 


7 =rli--rmj +rn k =t(li imj tn K) 
A a r ath 
and r ioe! 


6. Scalar product of two vectors : 
Def. If aa and Bare two vectors, then their scalar procu is 
defined as | a a| I 6 | coso where @ is the angle between a zand b aad 


is written as a. b 
cose, 


| 


Therefore, by definitionsa. B= [al 11 
It follows easily from definition, a b.a. 


- 


Scalar product of unit vectors. along co-ordinate axes : 


I 
Similarly, © J.j =1and K .k=1. 
7 


unit vectors is 1. 
| .F = 7] 17 pcos 90° =1.1.0=0. 
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i.e, dot product of unlike 


unit vectors is zero. 


Scalar product of any two vectors : 


Suppose =x i +y,j +2,k 


EY 
a 
> > > 

and b =x i +yoj +2, k; 

IFJ +z k)(xsi yaj -Fza k) 

i 


-> > -> > 
=XXa i. i +X ij +z i. k HYiXa j. È +VYaj j 


-> = 
then a, b= (4 


-> > -= — > = — => 

TViZaj - k+zxa k. i +2,ya k . j +z1ıza k . k 
e ARA 
or a . b =xXXa y1)» Peal 
ecard Sea BA Be AR 


a i a a a EA > ee 
Ce Ti 


FU hah ee ad fj = jok 7. 
7. Cross product of vectors : 


Def. Cross product of two vectors a and b is defined as a vector 


- > > 
c whose magnitude is | a | |b | sind where 6 is the smaller angle bet- 


. ween the vectors and !whose direction is in the direction of a screw 


> > > 
perpendicular to both a and b and rotating froma to b. through the 


di > bad -$ 
smaller angle. Itis written asa x b. 


Therefore, by definition, 


[axb] = |a] |B| sino 
=ab sind, 
It easily follows from definition 
that a x 3 = È x a. 


- Cross-product of unit vectors : 
By definition we have 


aah Tee 
lixi| =| 


ixi=jxj=kxk=0 | 
— ee! 
i.e. gross product of like unit 
vectors is zero, 


VECTORS AND SCALARS ; 15 


By definition we have 
Dex o E 
Fix L= EIJI sin 90°=1.1.1=1. 

Thus iR. is a Vrek of unit maggituge in the direction of a 
ere baies 'o) toi ri. e., x-axis and j ji e. -azis and rotating from 
i to ji i.e. from x-axis to y-axis. The direction of motion of such a 

> > 
screw is along the positive direction of z-axis. Hence sets is a 


vector of unit magnitude along the z-axis. This is exactly k. 


ree a Cross product of any two unlike unit 
eevee Te yectors taken in order (order being 


Similarly, j x k= 
> > > 


> > >, i 
and kxi=J i, j and k) is equal to the third one. 


8. Cross product of any two yectors : 


> > > 
Suppose a X b=c and ee xy Phyl Jiz k kand 


te 

b=xX_ Thy tt ke 

> > 

b=¢ =(% A T Trj j +2) 


pa 
EX 


“oun, x ani x ® 
Tae EAEE aes 
Haaj X I+IV] X HYZ] X k) 


> > 


> > 
Hak XT Aa k X j +222 kX k). 


We have as properties of unit vectors along the co-ordinate axes 
that 


>> > > > > 
ixi=j xj=kxk=0 
=>> > >> > > > > 
and ixj=k, jxk =i and kxi=j. 
> > 


sparen? 
ax =x yuk tHe roy +yyX%e (—k) +22 İ 
Bea Pt ee 
+24%_ f-+21¥e(— 1) 


> oS > Ts > 
or aX b =(yrZa— 212) i+ (Za%2— X12) j H (x192 = y1ıXa)k 
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-> > =>> > 

or axb= ERN K A | 
1 VM z 

Xa Ve 28 j 


> oS 
and | c|or|axb | 
= V (J122 = J221)? + (21% — 221)" + (Ha — Xay)? 


EXAMPLES 


>_> > > e o 
Ex. 1. Ifa=3 i-2j and b=2i-+-3 j, calculate 
are deg Sore es 
(i) a+b, (ii) a—b, (iii) b—a. 
>> o> e> es a 5 o 
Sol. (i) a+b=3 i—2 j+2 i+3j=5i- j; 
|a+d| =f8 41? = 1/26 =5'1; 
peT or Pee Wr 11°18°, 
(ii) @- - tae Ale ae DOERR 
=i-Sj=1i+(-5)j; 
|a— eva sr 5)? = 4/26=5'1; 


tand=.— > or 6=tan-? =*)- 281° 18’. 


1 
(iii) b-a =2 i+-3 j-3i42 j 
> > 
mas bays 
[ba | = VE FS- y= 541; 


tand— -< or o=tan-( >) 101° 18’, 


Ex, 2. Calculate the angle between the vectors 
> —> => 
a=3 142) and B=2747, 


Sol. Method I: Let a Wand rs make angles 0, and 6, with x-axis. 
Then. tan6, = § and tan0,=}, 
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tano,—tan®, _ 3-3. 
1-Ftand, tane, 1+ 3.3 


tan (0,—6s) = =}. 
6, —@,=tan™ (4)=7° 8’. Ans. 


>> > > FSO 
Method IL: a . 8=(3 i+2/).(2i+j)=6+2=8 


(a) <VB a= VT and |b | =V FP = V5: 
>> > > = 
Now, a.b= |a| |b | cos; ~. 8=4/134/5 cosb 
or cos) = = = "9922; or @=7° 8’. Ans. 
65 
Ex. 3. If A+B=A-B then (i) A=0, (ii) B=0, (iii) A and 


> : 
B are simultaneously zero, (iv) A+-B=9. 
—> 


> > > 
Sol. We have, A+B=A-B 

> > > > — 
or A+B—A-+-B=0 or 2B=0, or B=0. 


Therefore (ii) is the correct answer. 


> > > > > e 4 
Ex. 4. Show ‘that the vectors a=2i+3j and b=6 i—4j are 
at right angles to each other. ' 
=> > > > SSRS 
Sol. a. b=(2i+ 3j). (6i—4j) 
=12-12=0. 
=> > 

But a. b=ab cos where 6 is the angle between the vectors: 


> a 
a and b. 


ab cos6=0 
or ; cos6=0 
re 
or 6= T Proved. 


Ex. 5. Find the dot and cross product of the vectors 
> > > > > -=> => > 
a =2i—3j-+k and b=—i+3j-+k. 
> > => > > => > => 
Sol. a.b=(2 i-3j+k). (-i+ 3j+ k) 
={21+(-3)j +k} -D i143 5+-4 
=2(—1)+(—3). 3-4+1.1=—-2-9+1=—10. Ans. 
N. E. PHY.-2 
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> > > >> E Pris po 
ia X b=(2i-3 jk) x (i437 tk) 
> 
Ees JEE D E DERG- 
2 TE 1 > > =>. 
al tian oe ae TE Ans. 


Sol. We have, by definition of vector product, 


> > > > 
laxb| =|a] | b | sind=ab sino, 
Now draw a parallelogram 
c OABC of sides a and b and 0 
8 as included angle between a 
b and b. 
Now, area of parallelogram 
J =2 xarea of O4C 
ó Gon A : = 2.3 x base x height 
Fig. 2-9 =ab sind. 


> > ‘ 
: “| aXb| =area of 
parallelogram formed by a and b as sides, Proved. 


Ex. 7. The co-ordinates of-the initial point ofa vector are (2; 3) 
and those of the terminal point are (10, 6). Find the vector in 
magnitude and direction. 


Sol. Suppose 4 is the initial point and Bis the terminal point 
of the vector. O is the Origin, 


i Te S 
Then, OA=2i +3j 


and OB=107 4.677 
We have, O44. 42—OF 
> 
SLAB OBR OZ 
=101+6 7-27-37 
> oy 
=81 437, 


Fig. 2-10 
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| AB | 


l 


VBF H=V 13 
= 8:54 


E ='375 
8 
6=20°33’. 
Ans. The required vector is of 8'54 unit along the direction 
making an angle 20°33’ with 2ta-axis, 
> > > 
Ex. 8. Ifa+b=c and a--b=c, what is the angle between 


> => 
aandb? 


Sol We have, ` |a+b| = 4/a*+b*--2abcos0. 
> > > 
a+b=c, 
> > = > > > 
jat+b|-= ke] or |atbP=|cF 
or a?--b2-+-2aboosd =c? = (a+b)? =a*+-b? + 2ab. 
or 2ab(cosd—1)=0 or cos®=1 
‘Onna @=0°. Ans. 


Ex. 9. A particle undergoes three successive displacements in a 
plane; the first by 4m south west, the second by 5 m east and the third 
by 6 m in a direction 60° north of east. Draw the vector diagram and 
determine the total displacement from the starting point. 


> — 
Sol. OA=4c0s(180°+45°) i 
> 
+4sin(180°+45°) j 
> > => 3 
OA=>242i—=242j 
=> > > 
AB=5c0s0° i=5 i 
—> > > 
BC=6c0s60° i-+-6sin60° j 
> = 
=3 i+3/3j 
> > = 
OC=O0A-+-AB+-BC 
> > 
=(—2/2i-24/2j) 
> SS 
+5i+G i+3V3 Jj) 
nid Te 
=(—22+543) i+(—2V24+3V3) J 
a > 
LSIN MOONY fa 
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| OC | =V STEFAR = 2663-562 = 4/3225 = 5°68 m 
2:37 ogg 
=a =458 = 24°36’, 
tane 517 58 or 6 
Ans. Total displacement 5'68 m in the direction 24°36’ north 
of east, 


EXERCISES 
(A) 
1. atada is (i) always possible, (ii) never possible, (iii) possible if 
aisa null vector, (iv) possible if a is a unit vector. {Ans. (iii)] 
2. a}b=eand|a|=|5| = [e|. 


B > 
This is (i) impossible, (ii) possible when angle between Gand b is 60°, 


(iii) possible when angle between a and Bis 120°, (iv) always possible. 


[Ans. (iii)} 

=> > > a Sees Es > > 

3. atb=c and c=/a*+b*, What is the angle between a and b ? 
[Ans. 90°] 


4. The coordinates of the initial bt. of a vector are (1, 2) and those of 
terminal pt. are (5, 9). Find the vector in magnitude and direction, 
[Ans. T=4i4-77;: [r| = 4/65; 0=tan-! 7 
E eR es, ae eR Lys USGL Sit 
5. Ifa=2i+3/ and b=i+j, find (i) a. b, (ii) a x b, (iii) b x a. 
-> -> 
[Ans. (i) 5, (ii) —k, (iii) ky 
> il ox ot 
6. If a=2i—3j7+2k ana b=i+ 2 j-Lk, find 
rete: A A Mea S > > 
(i) a.6, (ii) axb, (iii) bxa. ; 
p ss a0) a rer md i 
[Ans. (i) —2, (ii) =7 i+-7 k, (iii) 7i—7 k] 
> > i > > > 
7. Ifa=x, i+-y,j and b=x,i+y,j, find the condition that (i) they are 
Perpendicular to each other, (ii) they are Parallel to each other, 


Ans. (i) YWa=—%,%,, (ii) aa] 
1 2 


8. Ifa=47— 37 and F= 7 +487, 
ofa, of b, ofa + band of aes b. 
[Ans. The magnitudes are : 5, 10, 11-2 
the x-axis are : 323°, 53-10, 26-50 and 260°} 
9. Three coplanar vectors with Te 
system are given by 


> > >> 
T Ta ie 3718 2jand¢ =—3F 


find the magnitude and direction 


and 11-2, The angles made with 


spect toa certain rectangular coordinate 
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Find (i) at b+c, fii) a+ bc. 

[Ans. (i) Magnitude is V5 and the angle made by it with the positive 
x-axis, measured counterclockwise from that axis, is 297°, (ii) Magnitude 
= 4/17. Direction=75° 59’ with the positive x-axis in counterclockwise 
direction.] 

10. Find the angle between the vectors given by 

> > > > > > > > 
g=3i+3f—3kandb=2i+j+ 3k. 

[Hint : Use dot product of vectors.] [Ans. 7/2) 

11. Acar is driven eastward for a distance of 50 km, then northward 
for 30 km, and thenin a direction 30° east of north for 25 km. Draw the 
vector diagram and determine the total displacement of the car from the start- 
ing point. 

[Ans. 81 km; 39:50 north of east] 


12. A golfer takes his ball into the hole by three strokes. The first stroke 
displaces the ball 4 m north, the second stroke 2 m south east, and the third 
stroke 1 m south west. What displacement was needed to get the ball into the 
hole on the first stroke ? 

[Ans. 2:01 'm; 69° 18’ north of east] . 


43. Four forces of magnitude P, 2p, 3P and 4P act along the four 
_ sides of a square ABCDin cyclic order. Use the vector method to find the 
resultant force. 


[Ans. 2/2 P, 225° with AB in the antcilockwise direction] 
14. Find the direction cosines and unit vector along the vector 


Pati yeas È 
2 1 ‘ 
[Ans. —S=>= 
vit viş vt y 14 via VAS 
(B) 
15. Prove by the method of vectors that in a triangle 
(SE c 
sind. sing sinC ` 
e ee -> > > 
16. Show that if A.(BxC)=0, then A, Band C are coplanar. 
17. Show that a. È x 3 is equal in magnitude to the volume of the 
parallelopiped formed by the vectors a, rs and Fi 
18. Prove that for a vector @ defined by azas 7+ ay He + az k the scalar 
=> > — 


y e > > > 
components are given by az=i. a; ay=j. a and az=k. a. 


19b. and c be the intersecting face diagonals of a cube of edge a in the 
planes XOY and YOZ respectively with respect to'a frame of reference erected at 
the edge of intersection of the vectors and edges of the cube as the axes, find 


pe Wee 1S 6B 
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(a) the components of the vector, where Aap X Tand (b) the. values of&b. rs 
and dc. [Ans. (a) de=d:=a?; dy=—a?; (b) b. c =a"; d. c =0} 
20. Show that the position vector of a place on the surface of the earth 


` > 
having latitude and longitude g°N and BOE respectively is r=Rcosa sing Ê 


+Rcosa cosg j-4R sina k, where R is the radius of the earth. The frame 
of reference is erected at the centre of the earth with the polar radius as z-axis 
and the intersection of the equatorial plane and the meridian plane through 
Greenwich as y-axis. 

21. A man flies from Washington to Manila. Find the displacement vector 
of the man (magnitude only) if the latitude and longitude of the two cities are 
39° N, 77°W and 15° N, 12198 respectively. 

Radius of the earth=6-4 x 10° m. 7 [Ans. 11:8 x10% km] 


—> > 
22.'Two particles, 1 and 2, move with constant velocities v, and v, 


At the initial moment their radius vectors are equal to ng and rs. How must 
these four vectors be interrelated for the Particles to collide ? 


; 2 TA S 3 
[Hint : Unit vector along (rs—r,) must be the same as the unit vector 


Lines ih : aes Se 
ee n — r. v2 — y 
along (¥.—y,)] gi eee ate | 
L [ra= ral [yey 


23. A force F= Sy, displaces a body from a point of co-ordinates 
(1,1, 1) to another point of co-ordinates (2, 0, 3). Calculate the work done by 
the force. All are in SI units. : 


(Hints: W=F . S] 
[Ans. 5 joule] 


a00 


CHAPTER 3 


KINEMATICS 


1. Instantaneous and uniform velocity : 
The velocity is the rate of change of displacement. 
> 


ny EA ds 
y= lim = =i 
atvoAt dt 
The velocity at an instant is called the instantaneous velocity. 
If the instantaneous velocities are the same at all instants, the velocity 
is said to be uniform. 
The average velocity during an interval At is given by 
> Noa 
V average = ir 


Displacement during an interval 
interval : 
Similarly, instantaneous acceleration is the acceleration at an 
instant and if the instantaneous accelerations are the same at all 
instants, the acceleration is said to be uniform. j 
ag 


That is, average velocity = 


> — 
; > É > ay 
That is, a= lim: ——= PAE and Aaverage = -A 


2. Kinematics: 


For a uniformly accelerated body we haye the following equa- 
tions describing final velocity and distance described (i) v =utft, 
(ii) s=ut+4 fe, (iii) v*—u®=2fs where u=initial velocity, vy =final 
velocity, f=uniform acceleration, s=—distance described and ¢=time, 
Graphically the distance described is given by the area of the plot of v 
against t whatever be the kind of motion. The slope of the plot at any 
point gives the acceleration. Similarly the slope of the plot of distance 


s against t gives the velocity. Since v i (in one dimension), s= frar 
Thus graphically displacement =area between the v—t curve and t-axis. 


Note. In one dimension distance covered and displacement are 
equal but not necessarily always. 


eA 
ogee Pa 


* tané=slope=velocity 


tanO=stope= acceleration 
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EXAMPLES 


Ex. 1. A train moving at an essentially constant speed 10” 
kph moves eastward for 40 minutes, then in direction 45° east 
north for 20 minutes, and finally westward for 50 minutes, What | 
the average velocity of the train during this run? : 


72x 1000 
2 mo Cet abet dale a 
Sol. 72 kph 3600 20 ms 


>> > 7. P 2 f 
Let s}, S2 and sbe successive displacements of the train. 

us take the eastward direction as the positive direction of x-ax 

and the northward direction as y-axis. 


Then | 5, | =20x40x60=48000 m 
=48 km 


> > 
and 5,=48 i; 


| 5a | =20X 20% 60=24000 m=24 km 


and S1=24 cos 45° 7 +24 sin 45°F = 124/27 + 12/27: 
7 | 5s | =20x 50% 60=60000 m=60 km ' 
EE 
The net displacement= 5 = s I s + s 
248 7 V2 I 4124/27) OT 


or $=(12/2—12)7 +1227, 
Total time that elapsed = 40+ 20+-50 
=110 minutes=44°=11 hours, 
1242-12 + | 1242+ 

WES ane 


Average velocity = Ti 


6 6 

_ 12x 6(V2-1) > 7224/2 + 
= lsh a 
=277 49:37, 


The magnitude of average velocity = V (27) F 03 =9-7 kph 


9'3 i 
tan 0Sa 3. = G 
n 0z z7 =3'4 or 0s=73°36'. 
Thus the average velocity of the train during the interval is 97 
kph in the direction 73° 36’ north of east. | 
l 
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Ex. 2. A car moving with constant acceleration covers the distance 
between two points 60 m apart in 6 s. Its speed as it passes the second 
point is 15 ms. (a) What is its speed at the first point ? (b) What 
is its acceleration? (c) At what prior distance from the first point 
was the car at rest ? 

Sol. We have 15=v,4-a.6 where v is the velocity at the first point 
and a is the acceleration of the car in the direction from the first 
point to the second point. 

Also 60 = v9.6 + }.4.6°=6 v9 +18 a. 

Solving these two equations for vo and a, 

a=§ ms and y=5 ms”. 

Let the car be at rest at a distance s prior to the first point. 

Then Salsa. f 

or s=75 m. Ans. 

Ex. 3. An elevator (lift) ascends with an upward acceleration of 
1:2 ms-®. Ar the instant its upward speed is 2'4 ms~, a loose bolt 
drops from the ceiling of the elevator 27 m from the floor. Calculate 
(a) the time of flight of the bolt from ceiling to floor and (b) the 
distance it has fallen relative to the elevator shaft. 

Sol. Let s, be the downward displacement of the bolt relative to 
the shaft and s, be the upward displacement of the lift just before 
the bolt reaches the floor of the lift. Then s,+5,=2'7. 

The initial velocity of the bolt is 2'4 ms- upward and its acce- 
leration is g=9°8 ms~* downward. 

Bs $= —24 t+ 4x98 P= 24144907 
where f is the time of flight of the bolt. 

The initial velocity, acceleration and displacement of the lift 
during the same time are all in the same direction viz. upward. 

fy Sg= 24 t+EX1:2 27 =2'4 t+ 60". 
Adding the two, we have 

Sı +s2=49 1246 2=55 t ž 
or 27=55 t or t='7s. Ans. a 
Now  sı=—24x'7+49x'72=—168+24=:72 m: Ans. 


Projectiles. 


Ex. 4. Two bodies are thrown with the same velocity at angles a 
and 90—a to the horizon. Calculate the ratio of maximum heights 
reached by the bodies. 
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Sol. Let vy be the velocity of projection. Then initial horizontal 
and vertical velocities are yocosa and ysina respectively. At the 
highest point the vertical velocity is reduced to zero, Applying the 


first kinematic ( vy=u-+ft) equation we have 
O=y,sinu—gt or aoe 


Applying second kinematic equation (s=ut-+1 ft?) to the vertical 
motion we have 


H =v sinat — igt? 


2. 
or H=y sing Sina -z(e = visina 
& 


2 g 2g 
Hy 2g _ sina a 
H, vsin? (900) ~ oa ana an 
2g 


Ex. 5. A body is thrown at an angle ato the horizontal with the 
initial velocity vg. Assuming air drag to be negligible, find (i) ‘the 
time of motion, (ii) the maximum height of ascent and the horizontal 
range, (iii) the angle of projection at which they are equal, (iv) the 
angle of projection at which the horizontal range is maximum and the 
angle at which the vertical range is maximum. 


Sol. In the horizontal direction displacement is R called the 
‘range’ but the vertical displacement is zero, 


Time is the same for both horizontal and vertical motion, 


Applying the second kinematic equation to the horizontal and 
vertical motion we have 


R=vcosat and 0= vsinat— igr? 


SA 1—2¥oSina aay R= Sinacosa _ Vorsin2a 
& g 
Time to reach the maximum height = 5 = voina 
g 
i k 2 > 
H=v sina, osina _ 1 ( sina ) = visinta 
o z 7E z TÜ Ans. 


When R=H we have Yo'sin2a _ v?sin?a 
g 2g 


Or 2sin2a=sin?a or 2.2sinacosa =sin?a. 
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Since a0, sina#0 and hence 4cosa=sina 
or tana=4 
or a=tan4=76°. Ans. 
The horizontal range is maximum when sin2a is maximum, that 
is, sin2a=1 or 2a=90° or a=45°, Ans. 
Hga yesin a _ Ys" (1 — cos2u), 
2g 4g 
The vertical range is maximum when cos2a, is minimum, that is, 
costa=—1 or 2a=180° or a=90°. Ans. 


EXERCISES 


(A) 


1. A body describes first half of the total distance with velocity y, and the: 


2v. 
Ans. —+2 i 
( vY ) 


B 


second half with velocity y,, Calculate the average velocity. 


2. A particle. moves along a 
horizontal line and its velocity 
changes with time as shown in the 
figure. 

Calculate (i) initial acceleration, 

(ii) total distance described. 


[Ans. (i) 8 ms-#, (ii) 160 m] 


10 od 


t(time)> 
Fig. 3-1 


3. A parachutist after bailing out falls 50 metres freely. Then his parachute: 
opens and he falls with deceleration of 2 ms~*, When he reaches the ground his. 
speed is reduced to only.3 metres per second. At what height did he bail out? 
For how long was he. in air ? (Ans, 293 metres, 17 s) 


4. A block is released from rest at the top of a. frictionless inclined plane 

10 m long. It reaches the bottom in 5 seconds. A second block is projected. 

up the plane from the bottom at the instant the first block is released and the 

two return to the bottom simultaneously. (a) Find the acceleration of each 

block on the incline. (b) What is the initial velocity of the second block ? 
(c) How far up the inclined plane does it travel ? $ 

; [Ans. (a) *8ms—*. (b) 2ms-4, (c) 25m} 
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5. A plot of velocity versus time for a body in rectilinear motion is 
as shown in the figure. In- 
dicate whether acceleration 
is positive, megative, zero, 
variable or constant in the 
region OA, AB, BC and 
CD. Calculate the distance 
described up to the point C. 
What is the displacement up 
to the point C ? 


[Hint : Slope of line= 
acceleration; Distance des- 
cribed=area of plot v 
versus ft] 

(Ans. In OA accelera- 

Fig. 3-2 tion is +ve and constant, in 

AB acceleration is zero, in 

BC acceleration is —ve and constant, in CD acceleration is positive but variable. 
Distance described =18.m, Displacement=15 m) ; 

6. If the same plot is of displacement (x) versus time t, indicate whether 
body is. at rest or in motion and that too with uniform velocity or variable 
velocity in the region OA, AB, BC and CD. Find the dis.ance described in 
8 sec, What is the displacement of the body in 8s? 

(Ans. In OA velocity is constant, in AB velocity is zero i.e., body is at 
rest, in BC velocity is constant and negatiye and in CD body has variable 
velocity. Distance described in 8 sec=9 m. Displacement in 8 s=—3 m) 

7. Two cars are moving in the same direction with the same speed with 
separation 40 m. In order to overtake the driver of the rear car puts on the 
acceleration and overtakes the first in 5 seconds, What is the acceleration pro- 
duced by the accelerator ? (Ans, 3'2 ms?) 

8. A piece of stone is allowed to fall from a balloon floating in alr. 
This piece of stone passes down along a tower 30 m in height in the last 
quarter of the last second of flight. Find the height of stone at the instant 
the stone was dropped and the velocity of the piece of stone as it reaches the 
ground. (g=98 ms} ` 


; (Ans. 749:54 m; 121°21 m s7) 

9. A body travels half of its total path in the last second of its fall from 

‘rest, find the time and height of its fall. (Ans. 3°41 s, 57°1 m) 
(B) 

10. A point traverses half a circle of radius R during the interval t. 


‘Calculate the following quantities averaged over that time : 
(a) the mean velocity, that is, speed <y>; 


(b) the modulus of the mean velocity vector < pa 3 


(Ans, Samre Ceza] =22) 


KINEMATICS 29 


11. A point traversed half of the distance with velocity y. The remain- 
ing part of the distance was covered with velocity y, for half of the remaining 
time, and with velocity y, for the other half of the remaining time. Find 
the mean velocity of the point averaged over the whole time of motion. 


— 2M ¥s) 
Ne Va gece. | 
12. The driver of a train moving at a speed vy, sights another train a 
distance d ahead of the first on the same track moving in the same direction 
with a slower speed y,. He putson the brake and gives his train a constant 


deceleration a. Show that it a> Gru there will be no collision and if 


aie there will be collision. 


13. A particle travels with constant speed on a circle of radius 3 m and 
completes one revolution in 20 s. Starting with the lowest point as origin, 
find (a) the magnitude and direction of the displacement vectors 5 s, 7'5.s and 
10 slater; (b) the magnitude and direction of the displacement in 5 s interval 
from fifth to the tenth second; (c) average velocity vector in this interval; 
(d) the instantaneous velocity vector at, the beginning and at the end of the 
interval. 

[Ans. (a) 4-2 mat 45°, 5-5 m at 68° and 6 m at 90°; (b) 4:2 m at 135°; 
(c) 85 m s~ at 135°; (d) 94 m s~?at 90°, -94 m s~tat 180°] 

14. Two trains, each having a speed of 50.kph are headed at each other 
on the same track. A bird that can fly at the rate of 100 kph flies off one 
train when they are 100 km apart and heads directly to the other train. On 
reaching the other train it flies back to the first train, and so forth. (a) How 
many trips can the bird make from one train to the other before they crash ? 
(b) What is the total distance the bird travels ? (Ans. Infinite; 100 km) 

15. Two trains, one travelling at 96 kph and the other at 128 kph are 
headed towards one another along a straight track. When they are 3'2 km 
apart, the drivers of the two trains simultaneously see the other's train and apply 
their brakes. If the brakes decelerate each train at the rate of 9 ms~*, deter- 
mine whether there is a collision. (Anis. No) 

16. A steel ball is dropped from the roof of a building. An observer 
standing in front of a window 1:2 m high notes that the ball takes 4 s to fall 
from the top to the bottom of the window. The ball continues to fall, makes 
a completely elastic collision with a horizontal sidewalk, and reappears at the 
bottom of the window 2s after passing it on the way down. How tall is the 
building ? [Hint : The ball will return with the same speed after collision.] 

i (Ans. 20°43 m) 

17. A car accelerates from rest at a constant rate œ for some time after 
which it decelerates at a constant rate B and ultimately comes to rest. If the 
total time-lapse is ¢, what is the total distance described and maximum velocity 
reached ? . (£. I. T; 1980) 


(1 op opt 
[Ans. \2 sar Mp 


30 NUMERICAL EXAMPLES IN PHYSICS 


18. A body begins to move with an initial velocity 2 ms and continues 
to move at a constant acceleration a. Ten seconds later a second body 
begins to move from the same point with an initial velocity 12 ms~? in 
the same direction with the same acceleration. What is the maximum acce- 
leration at which the latter can overtake the former ? ` (Ans. 1 ms~*) 

19. Every 10 minutes one car starts simultaneously from two points 
A and B 60 km apart at 60 kph. Find graphically how many cars will be 

. met by a passenger in onè of the cars between A and B. (Ans. 11) 

20, Two equal masses are connected by a light string passing overa 
fixed frictionless pulley. They are set in motion with uniform speed u. The 
mass going down is momentarily stopped and then released immediately, 
Calculate the time that will elapse before the string again becomes tight. 

(Ans. ulg) 

[Hint : The height through which one goes up must be equal to the height 
through which the other goes down. 


Projectiles. 


21. A ball starts falling with zero initial velocity on to a smooth inclined 
plane forming an angle a with the horizontal. Having fallen the distance h, 
the ball rebounds elastically off the inclined plane. At what distance from the 
impact point will the ball rebound for the second time ? (Ans. 8 A sina) 

{Hint : Take the frame of reference along and perpendicular to the plane 
and resolve g along these directions.} 

22. A cannon and a target are 5-0 km apart on the same horizontal plane. 
How soon: will the shell launched with velocity 240 ms~! reach the target ? 
g=10 ms~*. (Ans. 41:58 or 34s) 

23. A cannon fires successively two shells with velocity 250 ms~? at angles 
60° and 45° with the horizontal in the same vertical plane one after the other, 
What should’ be the interval between the firings so that they may hit the same 
target ? 5 (Ans. 11 s) 

24. A body projected with the same velocity at two different angles covers 
the same horizontal distance R. If ¢ and ¢’ are the two times of flight, prove 
that R=4 gtt’. 

25. A body projected vertically upwards from A, the top of a tower reaches 
the ground in f, seconds. If itis projected vertically downwards from A with 
the same velocity, it reaches the ground in f, seconds. If it falls freely from 


rest at A, in what time does it reach the ground ? (Ans. y ifa) 
26. A particle projected with velocity 2/ag So that it just clears two 


walls, of equal height a, which are at a distance 2a from each other, Show that 
the velocity of projection is 60° and that the latus-rectum of the path is 2a. 


(Hint : The coefficient of the linear term in the equation of a parabola 
represents latus-rectum.]} 
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CHAPTER 4 


PARALLELOGRAM OF VELOCITIES AND 
FORCES : RESOLUTION OF VELOCITIES AND 
FORCES : RELATIVE VELOCITY 


(i) Parallelogram of Forces or Velocities : If a particle possesses 
two velocities or acted upon by two forces given in magnitude and 
direction by the adjacent sides of a parallelogram then they are 
equivalent to a single velocity or force called their resultant and is 
given in magititude and direction by the diagonal of that parallelo- 
gram passing through their point of intersection. 


w= y/u? y? 2uv cos 0. 
Let w (resultant velocity) 
make an angle y with u then 
fin y= oranie 
u--y cost 
It is to be noted» carefully 
that if we take w as angle 
made by w with v then wand ; 
y will exchange their positions in the formula. Also note that reference 
velocity occurs in the denominator without being multiplied by 
sin@ or coso. 


(ii) Magnitude of u and v in terms of w and their inclinations 
with w : Suppose u and y make angles a and p with w. Then it 
follows from the figure, 


QA AO = Boe 


_ w sin B 


sin (a-+-B) 


__wsina ; 
and y Ta LA, CER] 


Fig. 4:2 2 


(iii) Resolution of Velocities or Forces : When components of a 
velocity or force are specially considered in two mutually perpendi- 


32 NUMERICAL EXAMPLES IN PHYSICS 


cular directions, they are called resolved parts. Putting o+p=90° 
we have resolved parts, u=w cosa and y=w sina. 


(iv) Relative Velocity : The relative velocity of a body B with 
respect to A is the rate of change of displacement of B relative to A, 


~> -> 
as if A were at rest. If OA is the actual velocity of A and OB is the 
> > 
actual velocity of B then OB—OA is the relative velocity of B with 


> > 
respect to A and OA—OB is the relative velocity of A with respect 
to B. 


B r In the figure from triangle law of 
velocities we have 
> > => 
3 OA+AB+B0=0 
> > => 
or OA—OB=BA 
> > 
ot) — A ¢. OB=—BO 
=> 
Fig. 4-3 and AB=— BA). 


= ; 
Thus BA gives the relative velocity of A with respect to B. 
> 
Similarly, AB gives relative velocity of B with respect to A. 
> > 
From property of a triangle, | BA | or | AB | is magnitude of 


relative velocity = y/u” | y*—2uv cose where 9 is the angle between 
uand y. 


Ji > À > => 
Vectorially, Vas (relative velocity of A relative to B)=V,—Vs 


> oS lS 
and Vaa= Va = Vis 
EXAMPLES 


Ex. 1. Three equal forces, each of magnitude P, act along AB, 
BC and CA of a triangle. Calculate the resultant 


; force. 

| c ‘Sol. Let us take AB as x-axis and the line 
[P P perpendicular to it at Æ as y-axis. 

| The first force Py along AB is of absolute 
A 3 B value P. 


i > > 
Big 4-4 : SP a= Pi 
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The second force P along BC is of absolute value P. Its resolved 
parts are P cosB in. the negative direction of x-axis and P sinB in 
the positive direction of y-axis. 

> > > 
P,=P cosB (—i) +P sinB j. 

The third force P, along CA is of absolute value P. Its resolved 
parts are P cosA in the negative direction of x-axis and P sind in 
the negative direction of y-axis. 


> =>. ; > 
P,=P cosA (—i)+P sind (-j)- 
> 4 
The resultant force R is given by 
> > => => > À 4 —> 
R=P,+P2+P3=P (1—cos4 —cosB) i+P (sinB—sinA) j 
=> al a, 9, 
RARE -py (0 00s — cosb) + (sinB — sin)? 
A e a r A O 
= P/3 +2 cosA coSB—2 cosB— 2 cosA—2 sind sin 


As 7 epi Na E 
or |_R | = PA/34+2 cos(A+B)—2 cosB—2 cosA 


> Be een ae es a A 
or| R| = P/3—2 cosd—2 cosB—2 cosC 
Cri A+B+C=n). 


Ex. 2. A ship is sailing north at the rate of 4 cm per second, the 
current is taking it east at the rate of 3 cm per second, and a sailor is 
climbing a vertical pole at the rate of 2 cm per second. Find the 
resultant velocity of the sailor in space. 5 

Sol. Let us take the ‘eastward direction as x-axis, northward 
direction as y-axis and the vertically upward direction as z-axis. The 
sailor will simultaneously have velocity 4 cm s~ in the positive 
direction of y-axis, 3 cm- along the x-axis and’2 cms along the 


Z-axis. 
> > > 


> > 
Therefore Vests vy=4j and v,=2k 


WRG Ue er pide 
or v=3 i+4j +2 k 
|7| =v EFA E254 ems, 
Let the resultant velocity make. angles Oz, 9y and 0, with x-, y- 
and z-axis. Then 
N. E- P.-3 
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tan o VP VEFE VO 
f x 3 3 


tan p= VE _ 243? _V13 and 
y 4 4 
tan p= VETI _ VTE _ VDS, 
Zz 2: 2 
4 
cos 0, = masg COS: b=- cos 0, = = 
29 N7 J 


Thus the velocity of the sailor is 5-4 cms-1 along the direction 
of direction-cosines 


(= ics Nae 2 
vÐ vD vD 

Ex. 3. To a man walking at the rate of 3 kph the rain appears 
to fall’ vertically: when he increases his speed to 6 kph it appears to 


meet him at an angle of 45° with the vertical from the front. Find 
the real direction and speed of rain. 


Sol. Let us take .the horizontal direction to the right as x-axis 
and the vertically upward direction as y-axis: 


> > a 
» Let us take Vrain =a ibj: 
> > 
In the first case Vman=3 i. 


Vrain—man (relative velocity of rain relative to man) 
> > > > > 
= Vrain Vman OT Vrain—man=(@—3) i--bj. 
Let 0 be the angle made by vyatn_-man with x-axis, 
peer ; 
Then : tane=——. 
a-3 1 
According to the question = 270° (angle is aha io 
anticlockwise from the x-axis in vector notations). oz counted 
ee ey. 
tan 270° =— or œ= 3 8 a—3=0 ora=3, 


a — 
> Ae snr 
Vrain = 3i +b j. 
-> > 
In the second case, yan =6 i. 
> > sy > > 
Vrain-man = Vrain — Pman = —3 itp Je 


Now, — tang=_9 
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According to the question 6= 180°-+-45°; 


tan (1s0°+-45°)= 2 or 1-5 or b=—3; 
> > 
Neues f=37; 


| Wain | = V3 F3 = 4/18 =3y 2 kph. 


> 
Let 9 be the angle made by vain With x-axis. 


Since here base is positive and perpendicular is negative, @ is an 
angle in the fourth quadrant. ; 
6=270°+45°. ; 
Thus the true velocity of rain is 34/2 kph making 270°+45° with 
the direction of motion of the man counted in the anticlockwise — 
direction. 


Ex. 4. The wind appears to blow from north to a man moving 
in the north-east direction. When he doubles his velocity the wind 
appears to move in the direction cot 2 east a. north. Find the 
actual direction of the wind. 


Sol. Let v be the absolute value of the velocity of the man. We 
take as usual eastward direction as x-axis and northward direction 
as y-axis. Then 


> bE ah aha, Pa st 
t 


Yman = SPREE 
ni, 
Let TaK 
> v — 
Then Yotnd-man=( See Es 
Wp) 
(Mats yon Ani Bin. 
V2 / .. Fig, 4-5 
v 
E 
tang =" =tan 270° (°. @=270° by the question) 
wae Oe; 
v 


or a=— : 
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Feage Pep: THT. 


When the man doubles his speed, we have 


O ANa AE E ARA > 
Yman =- hae d J/2vitV/2 vj 


Bid Vused-mea = vee Lees V2») j. 


Here 0=(270°—cot-2). 
tan (270° —cot-22) = — (x 2 4 = Bs 


cot (cott 2) = — wht ba 


ar 2aa( V2) 


or 2v= — y2 b+2y 
or b=0. 
Vwtnd = re 


Thus the velocity of the wind is to the east. 


Ex. 5. A 2m wide truck is moving with uniform speed of 8 ms 
along a straight horizontal road. A pedestrian starts to cross the 
road with a uniform speed v when the truck is 4 maway from him. 
Calculate the minimum value of v so that he can cross the road safely 
and at what angle with the road should he start walking. 


Sol. Let the man start crossing the road at an angle @ with the 
road, For safe crossing the condition is that the man must cross 
the road by the time the truck describes the distance (4+2 cote). 


4+2 cote _ 2 
8 v sind 


or fae 
2sin9-++- cose’ 
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For minimum », a Un 


Fig. 4-6 


dv_»=8(2cosd—sin®) 


Boy de (2sind-cose)* ` 


For minimum y, 200s — sine =0 
or tand=2 or @=tan12=63°4°. Ans. 


; 8 8 
Vmin = + _=3:57 ms. Ans. 
E TAE BS IO 
Vi v5 
EXERCISES 


(4) 


1. The greatest and least resultant of two forces: acting at a point are 

13 newtons and: 5 newtons, Calculate each force. (Ans. 9 newtons and 4 newtons) 

2. A particle is acted on by forces. 1, 2, 3 and 4 newtons parallel to the 
sides of a rectangle taken in order. Find their resultant. 

(Ans. 2/2 N at 45° inclination to 4 newton force) 

3. A pith ball of mass 1'5 gm and suspended by a silk fibre is blown to 

one side by a horizontal current of air so that the fibre makes an angle 30° to 


the vertical. Find the force of air current on the ball. (Ans. “867 gm wt.) 
4. Two equal velocities have resultant equal to either, What is the angle 
between them ? ; (Ans. 120°) 


5. A. uniform rod of mass 3 kg and 1 m long is suspended from a fixed 
point by means of two strings of lengths -6 mand ‘8m and attached to the 
free ends of the rod. Find the tensions in the string. (Ans, 1'8 kg f; 2°4 kg f) 

_ 6. A river is } km wide and flows at the rate of 3kph. A man, who can 
swim in still water at the rate of 5 kph wishes to reach the other bank of 
the river. In what direction should he start swimming to cross the river 
(a) along the shortest route, (b) in the shortest possible time ? Calculate how 
much time he will take to cross the river in the two cases. 

[Aus. (a) In direction 126° 52’ to the current, (b) in direction at 90° to 

the current. .Time 7 min 30 s and 6 min respectively) 
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7, To a man walking at 5 kilometres per hour (kph) rain appears to 
fall vertically, and when he doubles his speed it appears to make an angle of 
30° with the vertical. Find the actual velocity of the rain. In what direction will 
Tain appear to fall if the man suddenly turns about in the first case? 

(Ans. 10 kph at 30° with the vertical from behind; at 49°6 from the front) 

8. A ship is travelling due east at 10 kph. What must be the velo- 
city of a second ship heading in direction 30° east of north, if it is always 
due north from the first ship ? À (Ans. 20 kph) 

9. Two cyclists start at the same time from the junction of two roads 
making angle 60° with each Other, with velocities 8 kph and 13 kph respec- 
tively. Find their relative velocity and the distance between them after 10 
minutes. (Ans. 11°36 kph; 1:89 km) 

10. A man walking on a road with velocity of 5 km per hour encounters 
Tain falling vertically with a velocity 25 km per hour. At what angle should 
he hold his umbrella now in order to Protect himself from the rain ? 

(Ans. 11° 19’ with the vertical) 
` 11. The resultant of two forces P and 2? acting at a point is perpendicular 
to P. Find the angle between the forces. (Ans. 120°) 

12. Two cars are moving in the same direction with same speed 30 kph. 
They are separated by a distance 5 km. Whatis the speed of a car moving 
in the Opposite direction if it crosses the two cars at an interval of 4 minutes ? 

(Ans. 45 kph) 

13. A man wants to cross a river 500m wide. His rowing speed in still 
water is 3 kph. The river flows at a speed of 2 kph. If the man’s walking 
speed on the shore is 5 kph, (a) find the path he should take to get to the 
Point directly opposite to his staring point in the shortest time. (b) How long 
does it take ? (Ans. (a) He should head the boat at 115-49 

with the stream. (b) 12-7 min) 

14. Find the speed of two objects’ f, when they move uniformly towards 
each other, they get 4 m closer in every second, and, when they move uniformly 
in the same direction with the original speeds, they get 4m closer in every 10 s. 


(Ans. 2:2 ms-; 1:8 ms~?) 


15, The resultant of two forces 5 newtons and 3 newtons trisects the 


angle between them. Calculate the angle between them. (Ans. 100° 40/) 
16. Two bodies were thrown. simultaneously from the same point : one, 
straight up, and, the other, at an angle of 82=60° to the horizontal. The initial 
velocity of each body is equal to ¥%=25 ms—!, Neglecting the air drag. find 
the distance between the bodies t=1-7 s later. 
[Hint : Find the relative velocity at time z. Distance between the bodies 
=relative velocity x time. ] 


: (Ans, S=Voly/2(1—sin0)=22 m) 

17. Two particles, 1 and 2, move with constant Velocities v, and y, along 
two mutually perpendicular Straight lines towards the intersection O, At the 
moment #=0 tho parti 


cles were located at the dista 
point O. How soon will 


; nces x, and x, from the 
O. the distance between the particles become the smallest ? 
What is it equal to ? j 


VX, Vax, — 
(Ans Finn =e a , a) 
a VnF? 
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18. A pilot flies due east from 4 to B. The velocity of the aeroplane in air 
is y and the velocity of the air relative to the ground isu. The distance between 
Aand Bis/and the aeroplane’s air speed v is constant. In still air the time 


for the round trip is, obviously , n=. Calculate the time for round trip in 


terfns of t, u and y if (a).the air velocity is due east and (b) the air velocity is 


due north, (ans TE ue T Ti 
y? ye 


19. Two boats, A and B, move away from a buoy anchored in the middle of 
ariver. A moves along the river and Bat right angles to it. Having moved 
off equal distances from the buoy the boats returned. Find the ratio of the 
times of motion of the boats if the velocity of each boat with respect to water 


is n times geeater than the velocity of the river. Ans. — us ) 
y w—l 


20. A boat moves relative to still water with .a velocity which is n=2 times 
less than the river flow velocity. At what angle to the stream direction must 


the boat move to miaimise drifting ? (Ans. 9=sin-? 1 +.99°=120° for n=2) 


000 


CHAPTER 5) 


MOMENTUM : NEWTON'S LAWS OF MOTION: 
FORCE : CONSERVATION OF MOMENTUM : 
D’ ALEMBERT’S PRINCIPLE : FREE-BODY 
DIAGRAM : COLLISION OF BODIES 


(i) Momentum of a body : 
Momentum of a body=mass x velocity kg ms~, 
f > > 
Vectorially, p=my. 
(ii) According to Newton’s second law of motion, 


F=ma (Force = mass x acceleration) 


_ mv—mu 
t 


or F.t=mv—mu. The product F. t is called impulse of force. 
Unit, newton second (Ns). $ 


If two bodies (two separate bodies or two parts of the same 
body) numbered 1 and 2 exert force on each other when they are in 
contact or separated by a distance (magnetic force, electric force, 
gravitational force are such forces) then according to Newton's 
- third law, 


> => =e j > 
F, 2= — F, 1 where F; s is the force by 1 on 2 and F, ; is the force ' 
by 2 on 1. 


> > 

We have | Fial = | Fs; | =F (say) but their direction is oppo- 
Site and they act on different bodies. This is why action and reac- 
tion though equal and opposite they cannot produce equilibrium. 

(iii) Conservation of m 
and reaction of two or more 
forces, the algebraic sum 
direction remains conserved i 


omentum: Under the mutual action 
than two bodies, free from external 
of their momenta in each ard every 
-€. remains unchanged, 
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(iv) Collision of bodies : (a) When two bodies collide and no 
force acts on them from outside, their momenta in any direction is 
always conserved. There are two types of collision : (i) elastic, 
(ii) inelastic. When collision takes place in such a way that kinetic 
energy before and after is the same, itis said to be elastic. When 
kinetic energy is not conserved, collision is inelastic. Further if after 
collision the two bodies stick together, collision is said to be com- 


pletely inelastic. 


Suppose two bodies moving 
with velocities u, and u, at 
angles a and B with any direc- 
tion collide elastically and 
after collision they move on 
with velocities u, and u 
making angles a’ and $’ with 
the same line. According to 
principle of conservation of 
momentum along and perpen- : Fig. gy 
dicular to the line, we have z ; 

Mit COS AL Mylly COS B= mM,u COS a’ + 7Mgtly’ COSB’ 


and. Mog sin B— mu, Sin a=m4u,’ sin a’ — Mug’ sin B’; 
and from consideration of conservation of kinetic energy, 


mun? himu? = imu H gata". 


(b) One-dimensional elastic collision : Let two bodies of 
masses m, and m, move with velocities u, and u, along a line before 
collision and with velocities vı and v, along the same line after’ colli- 
sion. We take the positive direction of the momentum and velocity 
to be to the right. Then from conservation of momentum, we 
obtain 

Mu + Mala = MV1 F Mga. 
Because the collision is elastic, kinetic energy is conserved and we 
obtain imum? + imu? = 5m v t 3m. 


The momentum equation can be written as 
my(uy — v1) = Ma(P2— Ha) WERE C: 


and the energy equation can be written as 
my(uy® — 1P) = Mav — Us?) hm Ga 
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Dividing (i) by (ii) and assuming that u,4v, and u.4¥, 
we obtain ; 


Uy + Vy = Ue + Vo 
and, after rearrangement, 
: (ty =u) = — (v, — v). aD b 
This tells us that in an elastic one-dimensional collision relative 
velocity after collision is equal and opposite to the relative velocity 


before collision or, say, velocity of approach=velocity of separa- 
tion. 


Solving for v, and 


vg in terms of initial velocities uy and us, we 
obtain 


n= maeta Yi + 2m Ju 


mi-+mg m, +m 
and y = (mom) PEL u 
$ m, +m, z Mam, = 


There are several cases of special interest. 


Case J. When m,=m, i.e. the colliding particles have the same 
mass, then vı =u, and ve=u,. That is, ina one-dimensional elastic 


collision of two particles of equal mass, the particles simply exchange 
velocities during collision. 


Case II. Another case of interest is that in which one particle 
(mą) is initially at rest. Then u equals zero and 
i Vg=u, and y =0. 
The first particle is ‘stopped dead’, and the second one ‘takes 
off’ with the velocity the first one originally had, 
Case III. If m, is very large such as a wall, then 
u,=0 and m=. ` 
y=, 
Ve=0, 
That is, when a light particle collides with a massive body at 
rest, the particle is returned with the same speed. 


Case IV. If the collision takes place from a moving wall, that is, 
M=% and u,<0, 


EN ; Vy = Uy 2u = = (Uy — 2u). 
That is, the light particle is returned with its own velocity minus 
twice the velocity of the wall 


att the wall moves towards the in-coming particle then 
Y= = (u +2u3), that is, the particle is returned with its own velocity 
plus twice the velocity of the wall. 
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According to Newton’s experimental law on collisions of two 
bodies, the relative velocity of any one of the bodies relative to 
the other after impact is proportional to the relative veloctiy of 
the same body before impact but opposite in- direction. The 
constant of proportionality is called ‘coefficient of restitution’. 
Vaz (after impact) = —e x Vas (before impact), where Van stands for 
relative velocity. of A relative to B. Remember that only the velocity 
perpendicular to the plane is subject to Newton’s law and- not the 
one parallel to the plane. The velocity parallel to the plane remains 
unaltered. In other words we may say, 

Velocity of separation=e x yelocity of approach. 

(vy) D’ Alembert’s principle : This principle states that a 
dynamic system can be reduced to a static system by introducing a 
force, equal to the product of the mass of the system and its accelera- 
tion and directed oppositely to the accelerations in addition to the 
real forces (forces accountable to the environments of the particle) 
acting on the system. For example, suppose that a body of mass m 
is moved vertically upward with a constant acceleration ‘a’. We have 
to find the tension of the‘rope. We can solve for tension in two 
ways : one by ‘consideration of dynamics’ of the body. The real 
forces acting on it are mg downward and the tension T upward, 
Under the action of these two forces the body is going up with 
acceleration a. 


T—mg=ma or T=me(1+4). 


The same can be solved by D’ Alembert’s principle. According. 
to this principle we may consider the body to be at rest by introduc- 
ing a force ma downwards in addition to the real forces T (upward) 
and mg (downward). Since the body is at ‘rest’ now, the net upward 
or downward force must be zero. That is, 


T—mg—ma=0 or T=mg+ma=me(1 +4), 


Find the usefulness of this principle in problem 11. 

(vi) Free-body diagram: In solving problems when several 
forces are involved, the following steps are recommended. E 

(a) First, fix up the system whose motion you want to consider 
to solve a given problem. 

(b) Next, turn your attention to the objects which are the 
immediate environments of the system. These will exert forces on the 
system. 
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(c) Now make a separate diagram of the system alone, showing 
all the forces acting on the system, and the frame of reference. This 
is called ‘free-body’ diagram. 


(d) Finally apply Newton’s second law to each component of 
force and acceleration. 


 Tilustrations : 

(1) Motion in an elevator (or a lift) : 

Consider ‘a lift moving vertically upward with acceleration a. 
We wish to find the force exerted by a man on the floor of the lift. 
Two forces always act on the body whether 
the lift moves or not. These forces are (i) 
its weight mg vertically downward, (ii) R, 
reaction of the floor on the man. ‘When the 
lift is going up with acceleration, the man 
is also’ going up with the same acceleration. 

<. From second law of motion, 

R—mg=ma, or R=mg--ma. 


-If the man stands on the platform of a 
spring balance placed on the floor of a lift, 
it will indicate a force (mg+-ma) and hence 
this is the apparent weight of the man in 
the lift. 


mg Apparent weight = (mg-+-ma) newton 
Fig. 5-2 = mg (1 —a/g) newton =m (1-+a/g) kg. 
(2) Motion of connected bodies: Suppose two bodies m and m’ 
are connected by an inextensible weightless. string passing over a 
frictionless light pulley and m>m’. Then 
m will go down and m’ will go up with 
the same acceleration, . Considering 
+ motion of m and m, 
mg—T= ma. 
a T—m'g=m'a' where T is the tension 
of the string. Since the String is inex- 
` tensible, a=a’, Adding, we have 
af amta zmg, emm., Xg 
mg =- mm’ m--m!' 7 
Jo Putting value of a 


in any of the 


equations, q= _2mm' 2. 
Fig. 5-3. m-+-m' 
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(vii) Systems of variable mass: There are many systems in 
which the mass of the system is changing while we are observing it 
such as rocket, conveyor belt etc. 


Let M be the instantaneous mass and y (to the right) be the 
instantaneous velocity of a system of variable mass. 
Let AM be the mass detached from it in At second. 
By the second Jaw of motion, 
Fine: 
We can write this for a finite interval At, 


Ap 
ah ee 
ei= t 


If the detached mass moves to the left with velocity u, then 


= _ = = F =A, = 
PR P initial P initiat (M Pe CHAD a oe 


= Av I i — AM 
Feri=M At [—u-(v+-Ay]) Ane 


In the limit At—>0, Fea = M2 (u+) oe s 


l dy _ dM 
or Mga Foss Ht) ora 
We have Ura =U—(—¥) =V+-u. 


ee MSY = Font | tra a . 


The last term represents the rate at which the momentum is being 
transferred into (or out of) the system by the mass that the system 
ejects (or collects). It can be interpreted as a force on the system 
by the leaving (or entering mass). For a rocket, this term is called 


the thrust. 


M? = Feat --Freactton: 


Thus Freaction (i.e. thrust generated by the leaving mass) 


dM 
=Urel ae 
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EXAMPLES 


Ex. 1. A body of mass 2 kg falls 60 m from rest and is then 
brought to rest penetrating °6 minto some sand. Find the average 
thrust of the sand on it. I 


Sol. While penetrating into the sand the forces acting on the | 
body are : its weight 2g downward and the average thrust ‘T’ of the 
sand upward. 


T—2g=2a where a is — retardation of the body through — 
the sand. 


Now 2=2%9:8 x60 


also v¥=2.ax°6 
2aXx*6=2%9°8 x 60 
or , a=980 ms-? 


T-2x9°8=2 x 980 
or T=2%x989-8=1979-6 newtons. Ans. 


Ex. 2. A body of 2 kg mass makes an elastic collision with 
another body at rest and afterwards continues to move in the 
original direction but with one-fourth of its original speed. What 
is the mass of the struck body ? 


Sol. Let v be the velocity of 2 kg mass before collision. The 
body at rest is of mass m (say) and let V be its velocity after collision 
in the original direction of motion of 2 kg mass. 
principle of conservation of momentum, 

2xv+0=MV+2x 9/4 
or 3v/2= MV. 
Since the collision is elastic, the kinetic energy is conserved. 


From the 


a | MY*+ 42% 


or P=iMV 


Solving for M we have M = 12kg.. Ans. 


MOMENTUM : NEWTON’S LAWS OF MOTION.... 47 


Ex. 3. A ball of 1 kg drops vertically on to the floor witha 
speed of 25 ms.. It rebounds with an initial velocity- of 10 ms~. 
(a) What impluse acts on the ball during contact? (b) If the ball is 
in contact for ‘02 s, what îs the average force exerted on the floor ? 


Sol. Change in momentum of the ball= 1 (—10)—1 x25 
= —35 kg ms“ (downward). 
Hence- impulse on the ball during contact is —35 kg ms~! (down- 
ward) or 35 kg ms (upward). 
Change in momentum _ —35 
time 02 
= — 1750 newtons (downward) 
= 1750 newtons (upward). 
. Average force on the floor =1750 newtons (downward) 
(by Newton’s third law). Ans. 


Ex. 4. A rocket weighs 13,500 kg when fueled up on launching 
pad. It is fired vertically upward, . Gases are exhausted at the 
rate of 145 kg per second with velocity 1500 ms- relative to the 
rocket. What is the ‘thrust’ on the rocket ? 


(b) Force of the body = 


Sol. The forward thrust in a rocket = tra St where ura is the 


relative velocity of leaving gas relative to the rocket. 


Forward thrust =1500 x 145 
=217500 newtons. Ans. 


Ex. 5. A block of mass M is pulled along a horizontal friction- 
less surface by a rope of massm. A force P is applied to the other 
end of the rope. (a) Find the acceleration of the block and the 
rope. (b) Find the force that the rope exerts on the block M in 
terms P, M and m. 


Sol. Make a free-body diagram of the rope and the body. 
Considering vertical and horizontal mo- 
tion of the block, we have 
N (normal reaction) =Mg 
and T=Ma where ais the acceleration of the Nz 
block. F tep 
i T 
Again considering horizontal. motion of 
the rope, P-T=ma. Fig, 5-4 
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Adding, we have P=(m-+M)a or a= Ans. 
Putting the value of a in any one of the equations, we have 
= P.M 
hag . Ans. 


Ex. 6. A gun (of mass M) whose barrel makes an angle a with 
the horizontal fires a shell (of mass m). The gun is mounted ona 
frictionless track, so that recoil takes place with no resistive 
forces. Find the recoil velocity, V of the gun, and the absolute 
velocity -of the shell in magnitude and direction if the muzzle 
_ velocity of the shell relative to the barrel is v. 


Sol. Since there is no’horizontal force on the system (gun--shell 
-Lexplosives) the horizontal momentum is conserved. Horizontal 
relative velocity of the shell=vcosa. If Vas be the absolute 
horizontal velocity of the shell, then vcosa = vans— (—V) 

or Vabs =vcosa— V. 

By conservation of linear momentum 

my cosa 
miM ` 
The components. of the absolute velocity of the shell are 
(v cosa—V) and y sina. 
Thus, absolute velocity of shell = y (v cosa— V} + (y sina)? 


=y j. 1 ae cos’a. Ans. 


m(y cosa—V)—-MV=0 or V= 


tanp =. (i +m) tana. Ans, 


Inelastic collision. 


Ex. 7. A spherical ball falls from a height h on to.a floor of 
coefficient of restitution e. Calculate the total distance described by 
the ball before it comes to rest. 


Sol. The velocity acquired by the ball before hitting the ground 


is v= 2gh. After each hit its velocity is reduced e time of its 
previous velocity. Hence velocity after first hit is evg, velocity after 
second hit e(ev,)=e?v,, that after third hit e(e%y,)=e%y, and so on. 
After nth hit velocity becomes ey). 
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Height reached by the ball after nth hit = EW. 3 = we 


Putting n=1, 2, 3,.... we have 
H (total distance described) 


=h-2( 2 rer detti) 


or Chas ie 


2gh 2 it 2e? 
=h S TEAT la) 


or 


Ex: 8. A heavy mass m‘slides down a triangular prism of mass M. 
The prism lies ona horizontal surface and can move along it without 
friction. What will be the direction of motion of m if the inclination 
of the hypotenuse of the prism is a with the horizontal ? 


Sol. Consider any displacement of m by z along the prism. ‘Let 
us use x and y to denote the actual rightward displacement and 


downward displacement of m respectively and X and Y to denote 
actual leftward and vertical displacement of the prism. Obviously 
Y=0 because the prism cannot have downward displacement. 


Relative rightward displacement of m = zcosa 
=x—(—X)=x+X 


or Zz cosu= Pape X where dot represents 4 


or 3 Vet COSA = Ve + Ve at Oe 


N. E. P.-4 
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Relative downward displacement =zsina 
=y—-0=y 


ae t Š y, a 
or zZsina=y OF Vrea Sina=Vy OF Pra =a rem (1) 


Conserving the momentum along the horizontal because th 
system is free from external horizontal force, j 
mvz=MVz 2 Gi) 
Combining (i), (ii) and (iii), 4 

. Wy Sopa ve Li ves (AE tana: 

Solr cosa wta” F ( tH) ana 

If the direction of motion of m makes angle B with thi 
horizontal then 


tanB= z 2i (i +m )tana. Ans. 


Ex. 9. A smooth pulley of mass M is lying on a smooth table. A 
light string passes round the pulley and has masses m and m' attached 
to its ends, the two portions of the string being perpendicular to the 
edge of the table so that the masses hang vertically. Calculate the 
acceleration of the pulley. 

Sol. Let the lengths of the portions of the string be ls J2,./5. Let 
M move to the right by x on the table, m’ go down by y and m go. 
up by z. Á 


pun l, becomes J, — x, l becomes /,+-y and lg becomes l3— Z. 
Since the length of the string must remain the same, 
2+ +l=2(h-x)+la+y+h-z 
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or 2x=y—z or 2x=y—z where ‘double dots’ represent a 


or 2ay = Am’ — am: 
By the free body diagram of M, m’ and m we have 
2T= May, 
m'g—T=m'dn' and T—mg=mam. 
Substituting the value of ay, Am’ and Gm; 


o nmtm i 2Mmm'g g 
ED Deg a 4mm’ = M(mE m) 
ey Rs A 
Mum ag? mm +M(m-+m')* Aur 
EXERCISES 
(A) 


1. A constant force acts on a body of mass 10 gm moving with a velocity 
of 500 ms-*; The body is found to move with the same velocity but in opposite 
direction after 10 s. Calculate the magnitude of the force. [Ans. (i) 1 newton] 


2. Two metal blocks A and B of mass 2 kg and 1 kg respectively are in con- 
tact on a frictionless table. A constant horizontal force of 3 newtons is applied 
to block A. Calculate the force of contact between the two blocks. If the same 
force is applied to the block B then what will be the force of contact ? 
Can you explain the difference? [Ans. (i) 1 newton, (ii) 2 newtons. The 
difference is due to inertial resistance to the transmission of force.] 

3. Three metal blocks A, B nnd C of masses 10 kg, 20 kg and 30 kg rest 
on a frictionless tableinaline. A is connected to B and B to C by two pieces 
of string. With the help of a third string attached to C, the system is pulled 
to the right with a force of 60 newtons. Find the tensions of first and second 
‘string. Ý ; (Ans. 10 newtons and 30 newtons) 


4. Two blocks of masses m and m’ are connected by a light spring on a 
horizontal frictionless table. The spring is compressed and then released. Find 
the ratio of acceleration.of masses. @. I. T. 1975) 


a m 


5. A constant force acts on a body of mass 1 kg for 5s and then ceases 
to work. In the next 5 seconds the body describes 100 m. Calculate the force 
that acted on the body. (Ans. 4 newtons) _ 
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6. A uniform rope of length L, resting on a frictionless horizontal table, 
is pulled at one end by a force F. Whatis the tension in the rope ata distance 


x from the end where the force is applied ? (1. I. T. 1978) 
(Hint : Consider motion of entire rope and motion of x length of rope using 
P=ma formula and third law of motion.) | Ans T= A +f) 


7. A shell of mass 100 kg moving with velocity 500 m/s suddenly 
bursts into two pieces one of which of mass 70 kg moves with a velocity of 
30 m/s. What is the increase in kinetic energy by explosion ? 

(Ans. 2:577x 107 joule) | 


8. A block of mass 3 kg on smooth inclined plane of angle 30° to the 
horizontal is connected by a cord over a small frictionless pulley toa second of 
mass 2 kg hanging vertically. What is the acceleration of each body and what 
is the tension of the cord ? (g=98 ms~*) (Ans. +98 ms—*; 1°8 kg wt.) 

- 9, How can you lower a100 kg body from the roof of a house 
using a cord with a breaking strength of 80 kgf (kilogramme force) without 
breaking the rope ? 

(Ans. By allowing the weight to go down with acceleration g/5) 

30. A machine gun fires 50 gm bullets at a speed of 1000 metre per second. 
The gunner, holding the machine in his hands, can exert an average force of 
150 newtons against the gun. Calculate the maximum number of builets he can 
fire in one minute. : (Ans. 180) 

141. A block slides down a frictionless incline at the floor of an elevator.” 
Find acceleration of the block relative to the incline when (a) elevator descends 
at constant speed yv, (b) elevator ascends at constant speed y, (c) elevator 
descends with acceleration a, (d) elevator ascends with acceleration a, (e) eleva- 
tor cable breaks. The inclination of the incline with the horizontal is 0. 

(Hint : Apply D’ Alembert’s principle,) 

[Ans. (a) g sin0, (b) g sin®, (c) (g—a) sin, (d) (g+-a) sin0, (e) zero} 

12. A railroad flat car of mass M is moving with y along a straight 

horizontal track. A man of mass m who was initially standing on. the car now 

runs in the: direction opposite to the car with velocity yra relative to the car. 

What is the change of velocity of car when the man jumps off thé car ? 

[Hint : vrea=u—(—v')=u-+y! where u is the veloci 4 

and y’ is the velocity of the car to the right after fae, ny man to the left 

(ans. me) 

M-|-m 


13. A box is Put on the platform of a spring balance Ral e E 
| to zero when the box is empty. A stream of pebbles is ie pies d fais 
box from a height h above its bottom at a constant rate n pebbles H £ } pi 
Find tħe scale reading ¢ seconds after the pebbles begin to fill the b Eas 
that the collisions between Pebbles and boxare completel y inelastic pate 


(Ans. . mngt-- mny/2gh) 
om a height 2'5- m before 
the collisions are elastic, If each 


es 14. A scale is adjusted to zero, Particles fall fro: 
colliding with the balance pan of the scale: 
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particle has a’mass of 100 mg and collisions occur at the rate 1000 particles per 
second, what is the scale reading in kg ? (Ans. *143 kg) 

15. Anelectron of mass m is involved in head-on collision with an atom of 
mass M, initially at rest. Asa result of the collision certain fixed amount of 
energy Æ is stored internally inthe atom. What is the minimum initial velocity 
that the electron must have ? IR 

(Hint : Since energy is stored in the atom, collision is essentially jnelastic. 
my =mv'-+- My" and dmy?=E+4myv'?--4My"?. Solve for y’ and apply the condi- 


P 2(m+M)E 
tion for real values of v’.) Ans. mM 


16.. Two masses m and M are kept slightly separated. A third ‘m’ coming 
from left with velocity y makes head-on elastic colision with m. Show that if 
m> M there are exactly two collisions and find all final velocities and if m<M 
there are three collisions and find all final velocities. 


[Ans. The left mass comes to rest, the next mass moves to the right with 


a speed a m—M ) and the third mass (M) moves to the right with a speed 
\ mM, 
2vm 
m--M° 
The central. mass comes to rest and the right mass moves to the right with 


2vm 
speed (G FM | 


17. A steel ball weighing 1 kg is fastened to a cord 1 m long and is released 
when the cord is horizontal, At the bottom of its path the ball strikes a 5 kg 
steel block initially at rest on a frictionless surface. The collision is elastic. 
Find the speed of the ball and speed of the block just after collision. 
(g=9'8 ms~*) 

[Hint : Apply principle of conservation of momentum and conservation of 

kinetic energy as the collision is elastic.) < 
(Ans. The block of 5kg moves forward with speed 1:472 m/s and the ball 
moves backward with speed 2:95 m/s) 


18. An elevator (a lift) is moving up at the speed of 2 m/s in a shaft. At 
the instant the elevator is at 20m from the top, a ball is dropped from the top of 
the shaft. The ball rebounds elastically from the elevator roof. To what height 
can it rise relative to the top of the shaft ? (Ans. 8:34 m) 

19. An elevator is provided with a weighing machine (making use of 
principle of spring balance) at its floor. A man weighing 60 kg stands on the 
platform of the machine and finds that the reading shoots to 62 kg when the 
elevator starts and then comes down to 60 kg again. How do you explain 
this ? 

(Aas. Elevator starts with acceleration ‘33 ms? upward and then moves 

; with uniform speed upward) 

20. A projectile of mass 50 kg is projected vertically upward with a velocity 

of 100 m/s. After 5 seconds it explodes into two Pieces, one Piece of kg . 


In the second case the left mass moves to the left with spee 


vM—m) 
d Mim” 
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moving vertically upward with velocity 150 m/s. Calculate the velocity of other 
Piece and also algebraic sum of the momenta of the system 3 seconds after. 
(Ans. 15 m/s downwards; 1080 kg ms-*} 
21. A ball strikes an identical ball with velocity 50 m/s and after collision 
which is perfectly elastic it is found to move with velocity 30 m/s. Show that 
the two balls move at right angles to each other after collision. 
22. A cord is tied at one end to a spring balance of weight 3 kg supporting a 
mass 5 kg. The cord passes over a smooth fixed pulley carrying a load of 10 kg at 
the other end. What will be the reading of spring balanc2 when the system 


moves? How will the reading vary if the load of 10 kg be replaced by a load 
of 6 kg ?) 


[Hint : Consider free-body diagrams of 5 kg, 10 kg and the system (5 kg body 
-3 kg spring).] (Ans. 5°55 kg, 4°3 kg) 

23. A ball moving with a speed of 9 ms— strikes an identical ball such that 
after collision the direction of each ball makes 30° on either side of the original 
line of motion. Find the speed of the two balls after collision, Is collision 
elastic ? (Ans. 34/3 ms~?; No) 

24. A plumb bob hanging from the ceiling of railroad car acts as an accele- 
rometer. Derive the general expression relating to the horizontal acceleration 
a of the car with the angle 9 made by the bob with the.vertical, Find 0 when 
a=1:5 ms—? and a when 9=10°, 

[Hint : Apply D’Alembert’s principle.] (Ans. a=g tan; 8°42’; 1:73 ms-*} 

25. Show that in case of elastic collisions between a Particle of mass m, with 
a Particle of mass m, initially at rest, (a) the maximum angle through’ which m, 


2 
can be deflected is given by 1—cos*0m= 5 
1 


when m, >M» 


(b) 0,+0=> when m =m. 


26. A 6000 kg rocket is set for firing. If the exhaust speed is 1000 ms~?, 
how much gas must be ejected per second to supply the thrust needed, (a) to 
overcome the weight of the rocket, (b) to give the rocket an initial acceleration of 
19°6 ms—? 2 (Ans. 58:8 kgs—1; 176:4 kgs“) 

27. A machine gun is mounted on a flat railroad car. The gun is firing 
bullets at the rate of 10 bullets per second each of mass 10 gm. The bullets come 
out with velocity 500 ms~ relative to the car. Calculate the acceleration of the 
car at the instant when its mass is 200 kg. Also calculate the force at that instant. 

(Ans. ‘25 ms~?; 50 N) 

28. A train of mass M is travelling with a uniform velocity on a level line. 
The last carriage whose mass is m gets detached from the train. The driver of the 
train discovers it only after travelling a distance Zand then he shuts off steam. 
Show that when both parts come to rest the distance between them is 


MI 
( ae ) Assume resistance to motion to be uniform and proportional to 


mass and the pull of the engine to be a constant. 


29. H cannon and a supply cannon balls are inside a sealed railroad car, The 
cannon fires to the right, the car recoiling to the left. The cannon balls remain in 
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the car after hitting the far end. Show that no matter how the cannon balls are 
fired, the railroad car cannot travel more than its own length L, assuming it to 
start from rest. 

[Hint : Apply the principle of conservation of momentum.) 

30: A jet air plane is travelling at 200 ms-*. The engine of the plane takes 
in 250 m? of air having mass 32 kg each each second. The air is used to burn 3 kg 
of fuel each second. The energy is used to compress the products of combustion 
to eject them at the rear of the plane at 500 ms~ relative to the plane. Find the 
Power of the jet plane in H. P. (1 H. P.=746 watt). 

[Hint : Resultant thrust=forward thrust— backward thrust and power =force 
x velocity] (Ans. 2975 H.P.) 

31. Sand drops from a stationary hopper at the rate of 5 kgs onto a con- 
veyor belt moving with a constant speed of 2 ms-!. What is the force required 
to keep the belt moving and what is the power delivered by the motor moving 
the belt ? 


[Hint : Tangential force exerted on the belt=uret = where ure is the 


tangential relative velocity of the sand.] (Ans. 10 newton; 20 watt) 
32. A right angled triangular block of mass M rests on a horizontal table. 
The inclination of the block is 30° with the table. A cubical block of mass m 
is placed on the incline of the block. What horizontal force must be applied 
on M so that m may remain stationary relative to the block ? J 
[Hint » Apply D’Alembert’s principle and consider free-body diagrams of m 


and the system (m+ M).] i i (ans. (M+m) a 


33. A rocket has initial mass of 100 kg, 90% of which is fuel. . This fuel 
is turned into a gas and ejected from the rocket at the rate of 1 kg/sec. The 
velocity of fuel ejection is 500 ms- relative to the rocket. Neglecting the 
force of gravity on the rocket, find the acceleration of the rocket immediately 
after all the fuel is burnt. 


[Hint : F=uret M Ma or Ma=500x1=a constant.] (Ans. 50 ms-*) 


34. A wedge of mass M rests with one face in contact with a horizontal 
smooth surface. A particle of mass m is placed on the smooth face of it, 
inclined at an angle a to the horizontal and released. Find the velocity of the 
wedge and that of the particle relative to the wedge when the particle has 
slipped a distance x down the face of the wedge. Also calculate the acceleration 
of the wedge and that of the particle relative to the wedge. é 

[Hint : Apply principle of conservation of momentum along the horizontal and 
energy conservation principle. See Ex. 8) 

— Zm? gx sinacos*a_, Z(M} m) ex sina (M+m)g sina 

(ans. {Mm MF msin*a) M —M}msino) ° ~ Mimsina ’ 

7 mg sinacoso. 
~ M+msin*o 


56 .... NUMERICAL EXAMPLES IN PHYSICS 


35. Two “identical bogies 1. and 2 with one-man in each move witho 
friction with constant Velocities vı and y, along the parallel rails toward ead 
other. When the bogies get opposite each other, the men exchange their } 
tions by jumping in the direction Perpendicular to the rails. As a consequ en 
bogie 1 stops and bogie 2 keeps on moying in the same direction with vel ocit, 
¥, Find the initial velocities of the bogies if the mass of each of them be J 
(without man) and the mass ofeach man be m. à 

[Hint : Consider import and export of tangential momentum to the bog 
and apply momentum conservation principle to the system.] 


my Mv 
(Ars. n= Mem? AM 


36. Two identical bogies move one after the other without friction v 
Constant velocity v Aman of mass m rides the rear bogie. At a cert 1 
moment the man jumps into the front bogie 1 with velocity u relative to his 
bogie numbered 2. -If the mass of each bogie (without man) is equal to M, 
find the velocities with which the bogies will move after that. 


(Hint : u=u’—y' where u’ is the actual velocity of the man and y’ is the actual 
velocity of the bogie after the man jumps off.] p 


37. Assuming that the car in problem 12 is initially at rest and holds n men, _ 
each of mass m, prove that if the men run with relative velocity vpe, and jump in ~ 
Succession they can impart to the car a greater velocity than if they all run and — 
Jump simultaneously, 


A X mu ee mMu 
ns. ¥;=Vo-+ Mim’ Vg=Vo— (Mm? 


[Hint : When the men run together, the effect is the same as for one man of — 
Mass am. 


nm 
= Y= Vest, 
A Mam "* 
When they run and jump in succession, 
i=n myra 


te te 1 1 1 1 l 4 
Sai M4im Tre ( M+m TM TM 3m TARE M-+-nm )] ; 


38. Five men lined up at one end of a floating raft, initially at rest, run in 
succession with velocity yre1=3 ms~ relative to the raft and dive off at the other 


far end. Neglecting the resistance of water to the horizontal motion of the raft, 
find its velocity after the last man dives. Each man weighs 77 kg and raft weighs 
453 kg. z 


(Ans. 1:733 ms—) 


Q are connected by the arrangement as shown in 
ard acceleration of the mass Q. 


39. Two masses P and 
Fig. 5-5. Find the downy. 
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[Hint : Considering the fact that the total 
length of the string is the same, it is found that 
when Q goes down by x, P goes up by x/2. Hence 
the acceleration of Qis double the acceleration 
of P. Now consider free-body diagrams of 


P and Q.) 
(ams. 2g. iat) 


40. Neglecting friction and the mass of the 
Pulleys, find the acceleration of the mass Q 


assuming that P= Q (Fig. 5-6). P a 
(Hint: When Q goes down by x, P goes up i] 
by x/2. Hence acceleration of P is. half the Fig. 5-5 


acceleration of Q. Consider free-body diagrams 
of P, Q and the movable pulley and apply Newton's second law to their motions. } 


EH 


| 
a | 
a 45° 
w2 


Fig. 5-6 Fig, 5-7 


41. Find the tension in the string during motion of the system iff W,=200 kg, 
W,=100 kg, p (between W, and plane)= -2 and assume the pulleys: to be without 
mass. (Fig. 5-7) (Ans. 63 3 kgf) 

42. Calculate the acceleration rs of the pulleys B and C and the tension 
in the string passing oyer the pulley A of the figure Fig. 5-8. 


(Ans. i: 6:23 kgf) 


43. Calculate the acceleration of the block B of the figure Fig. 5-9, assuming 


3F 
surfaces and pulleys to be smooth. (åns. Tim 
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-hm 
Fig. 5-8 Fig. 5-9 
A 44. A system of masses and pulleys is arran 


in vertical plane as shown in the Fig. 5-10 here. 
ma : mp : mo=3:2: 1, 
Find their accelerations. 


45: Two monkeys òf masses 10 kg and 8 kg are 
moving on a vertical lightrope, the first climbing up 
A with acceleration 2 ms~? while the other climbing down 
with acceleration 2 ms-®. Calculate the tension of the 
rope between the monkeys and above the first monkey. 
Take g=10 ms~2, (Ans, 64 N; 184 N) 
46. A rope is stretched between two stationary boats 
B . On the surface of a lake. A man in the first boat pulls 
the rope with a constant force of 100 N. The distance. 
E between the boats is 100 m in the beginning. The t 
Fig. 5-10 mass of the first boat with the man is 250 kg, while the 
mass of the other is 500 kg. Find : (i) the velocity of 
approach of the two boats j5s after the Start, (ii) the time taken for the two 
hoats to meet each other. - 3 


[Hint : Consider relative acceleration and apply kinematic equations.] 


(Ans. 3 ms-?; 18:3 s) 
s hanging vertically and its bottom end is touching” 


ain is m and its lengthis /. At the moment t=0, 
culate the force that the chain exerts on the table — 


47. A thin uniform chain i 

‘atable. The mass of the ch 

the chain is re eased. Cal 
after ¢ seconds. 


(Aus. + 5 R g*t*) 
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Inelastic Collisions. 

48. A sphere of mass m, collides with a sphere of mass m, which is at 
rest. Prove that whatever be the initial direction of the first sphere, it will, move 
off at right angles to the line of centres at the time of collision if the coefficient 
of restitution is m,/m,. 

49. Two equal smooth spheres of radius a are moving with equal 
speeds u in opposite direction along parallel lines whose distance apart is a. 
The coefficient of restitution between them is 1. Find their velocities after 
impact. (Ans. 44/3, Perpendicular to original directions) 

50. A simple pendulum of length L is suspended froma Peg on a vertical wall. 
The pendulum is pulled away from the wall to a horizontal Position and released, 


The ball hits the wall, the coefficient of restitution being Se. What is the 


minimum number of collisions after which the amplitude becomes less than 60° ? 

4 [IIT 1987] (Ans. 3) 

51. A small metal ball falls vertically and strikes a smooth plane inclined’ 

at an angle @ to the horizontal (@<45°). The ball rebounds horizontally. 

Show that a fraction (1—e of the kinetic energy is lost during the impact and 

that if m is the mass and u is the speed of the ball before impact, the impulse: 
on the plane is mu sec0. Here e is the coefficient of restituiton. 


ooo 


CHAPTER 6 


MOMENT OF A FORCE : TORQUE : CENTRE 
OF MASS AND CENTRE OF GRAVITY : 
EQUILIBRIUM OF RIGID BODIES : 
MACHINES 


(a) The Moment of a Force—The turning effect of a force on a 


‘body about a point is called its moment and the amount of moment 
äs given by 


Moment = force x perpendicular distance of. the point from the 
line of action of the force called the arm of the force =(Fxd) Nm. 


The moment of a force in an ‘axial vector. It is along the 
direction of translation of a-screw perpendicular to the plane 
‘containing the force and the point and rotating from the position 


> > —> 
vector r to the force F through the smaller angle. That is + (moment 


of a force) =r x F where r is the position vector of the point with 
respect to any arbitrary frame of reference, 


(b) Torque or Couple—4A pair of two equal unlike parallel forces is 
called Couple or Torque. 


Torque (r) =force x perpendicular distance between forces called 
arm of couple or torque=Fxd Nm. 


t=F.d Nm. 


(c) Centre of mass—The centre of mass of a body is that 
point in it where its whole mass may be supposed to be concentrated 
and the body may be considered as a particle so far the action of a 
system of parallel forces acting cn the elementary particles in propor- 
tion to the mass of the Particles is concerned, 


If M is the mass of the body and m,, ms, 


Mz.. ..are the elementary 
aus >> 
masses at positions r,, rs, 


> 
rg,....then distance of centre of mass is 
> > > 


z: a 
given by Mr=m, ritm ra +M Tat... 
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The x and y co-ordinates of the centre of mass of a system of 
particles is given by 


EE MX MX; HM Xg.. _ Emx 
Mit Mat Mp... Im; 


J 
where 7; is the mass of ith particle which is at a distance x; from the- 
y-axis and that of a body 


or x=! = 
-_fdmy Emy 
d =f zmar 
an y Tarn or sm 
Motion of centre of mass—The centre of mass. is given by the 
formula, _ (vectorially): 
> — > ? 
M r=m,r,+m,re+.... 
piden: =m CIA drez 
desin sardia iSt dk 


or M v=m, v} m va.. where y is the velocity of centre of $ 


o> i 
mass and v4, Vz... .are velocities of elementary particles of the body.. 


; dy dy, dy, 
A EAL ial 
ray De is ie ude 


me > > sy, i 
or Ma Mi 1 Gak Ma a+.. .. where a is the acceleration of centre: 
of mass and ek da par . acceleration of the elementary particles of 
the body 


or = F=f-4 i me +....Where pa force effective on 1 the body at 
the hes of mass and fy, Tos fs... are the forces on the elementary 
Masses. These forces on the NT, particles include both 
external and internal forces. 


> > > i 
M a=Fexternat+-Finternat- 
a 
But Ponera” d because action and reaction are equal and 


Opposite. ., M a= E This equation is the equation of motion: 
of the centre of mass. ` Further if no external force acts on the body 
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=. > $ 
then M a=0ora=0. This means change of velocity=0. If the 
body is initially at rest, then centre of mass must remain stationary. 


(d) Centre of gravity—Centre of gravity is that. point where 
the whole mass may be supposed to be concentrated so far the gravity 
(i.e. force of attraction due to the earth) on the particles is 
concerned. For a small body the centre of mass and centre of 
gravity are identical points. 


(e) Equilibrium of rigid bodies—A. body is said to be in equili- 
brium when it neither moves in a line nor does it rotate. Condition 
for equilibrium, : 


> > 
zf=0 and = 7=0. 
ie. (i) Sum of resolved parts of all forces in any direction must 
be zero. (ii) The algebraic sum of moments of all forces about any 
point must be zero. 


Stability of equilibrium—Equilibrium is stable when the system 
‘returns to its original position after being slightly displaced. Condi- 
tion for stability is that the vertical line through the centre of gravity 
must pass through the base of contact of the body or system of bodies. 
More jundamental condition is that the potential energy of the body 
or system of bodics must be a minimum. 

(f) Machines—Machine is a device by which force applied at 
some point of it (called the load) is overcome by means of another 
force applied at some other point of it with alteration in direction 
or magnitude or both (called the effort). 


Mechanical advantage of a machine = rare i 


Useful work 


E . i = eye 
ficiency of a machine Total work 


io Work done on load (out-put) 
” Work done by effort (in-put) ` 


* Velocity ratio= Velocity of effort. 
i Velocity of load 


er Displacement of effort in any time 
Displacement of load in same time’ 
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In any machine, 
Mechanical advantage = Efficiency x Velocity ratio. 


Lever, Axle and Wheel, Capstan, Jack, etc. are machines 
working on the fact that “moment of load about any point or 
line =moment of effort about that point or line’. A jack is a. ‘nut 
and screw’ system. The load is placed on the top of the screw. The . 
screw is turned by a long rod. The effort is applied at the far end of 
the rod. When the rod is turned through one complete rotation, the 
load goes up a distance equal to the pitch of the screw. A capstan 
is a heavy barrel capable of rotating about a fixed vertical axis. 
The load works tangential to the barrel and the effort is applied at 
the far end of a rod by which the barrel is turned.’ 


EXAMPLES 


Ex. 1. A metre ruler, weighing 100 gm rests on a table witha 
part projecting over the edge. Fnd the length of the part pro- 
jecting out if a 5 gm body hung at the end just tilts the ruler. 

; (Pat. 1970 A) 

Sol. There are. three forces 
acting on the- ruler, (i) its weight 

‘1 g downward at its cg, (ii) normal 
reaction (N) of the table, (iii) -005.g 
-at the extreme end. When the ruler 
is about to turn, the normal reac- 
tion is only at the edge. poe 

Taking moment about the edge of the table we have-for rota- 

tional equilibrium of the ruler when it is about to turn 
005 gxx \+4 1g (5—x)\=0 

or 005g x—‘lg (‘S—x)=0 or x="476m. Ans. 

Ex. 2. Find the centre of mass of a homogeneous semicircular 
plate of radius a. ‘ 


Sol. Take the straight edge of — y 


the plate as x-axis and the centre O- 
2 
; o 
As 


as origin. The symmetry of the 

figure about y-axis requires that cg 

be somewhere on the y-axis. Thus 

Xem (distance of cg along x-axis) =0. D Z, 
Consider a point of polar coor- Fig. 6.1 

dinates (r, 6). An elementary area about the point is rd 0 dr and 

the elementary mass at the point is rd @ dro where p is the mass per 

unit area. 


N 


100gm wt Sgm wt 
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The height of the centre of gravity of the block above the datum 
plane through the centre of the sphere in the displaced position 
=r cos Ay+r Aysin Aw +h cos Ay. 


In the equilibrium position the height of the cg above the same 
datum plane=r—h. t 


For stability of equilibrium we have 


r cosAy+-rAy sinAw-+-h cos Aw>r--h. 
Since Ay is small, sinAy= Ay 


> 


and cos\w= J) = Ay ; 


2 2 
i (17) sray.aven( 1 = )>r+4 


pOr PAAA TAV Fh > LAG Seth 


r>h. 


EXERCISES: 


1. Find the centre of gravity of a thin wire bent to semicircle of radius r. 


(Ans. at a distance = from the centre) 


2. Two like parallel forces P and Q act at the ends of a straight ruler of 


length /. What is the distance by which the resultant of the forces shift along 
the ruler if P is doubled ? 


a OF ame 
(Ans (P+O\2PO)) 
3. A circular section of radius r is cut out of a uniform disc of radius R, th 7 


VSN i 
centre of the hole being y from the centre of the original disc, Locate the 


centre of gravity of-the remainder, i 


(Ans ata distance 


Rr? Re 
ARP) from the centre of the disc) 
f 4. A cylindrical vessel of radius 1 m and height 2 m is half filled with wate 
Find the centre of mass of the system consisting of cylinder and water. Th 
cylinder has mass 10 kg per square metre of it and density of water 1000 kg m= 
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of support is ®. Calculate the tension of the chain at end point and also at the 
lowest point. 
[Hint : Consider equilibrium of each half of the chain.) 


Ww Ww 

(ass. (i) sind’ (ii) Y coto) 

6. A thin horizontal bar AB of negligible mass and length / is hinged to a 

vertical wall at A and supported at B by thin wire BC which is tide to a point C 

vertically above in the same wall. BC makes angle 0 with the horizontal. A 

weight W is moved along the bar. Show how'the tensile force Tin the thin wire 
changes with the distance x of the weight from the wall. 

Wx 
, (ans. T= I sa) 


7. Two particles Pand Q are initially at rest 1 metre apart. P has a mass of 
1 kg and Q a mass of 3kg. P and Q attract each other with a constant force. ` 
At what distance from P’s original position do the particles collide ? 
(Ans. °75 m) 
8. A table has a heavy circular top of radius 1_m and mass 20 kg. It has four 
light legs of length 1 m fixed symmetrically on its circumference. What is the 
maximum weight which may be Placed anywhere on this table without toppling ? 
(Ans. 48:3 kg) 
9. A man weighing 60 kg lifts a weight of 40 kg to the roof of a building 
which is 9m high. Calculate the useful work done by him. Considering the 
man as a machine calculate his efficiency: (g=9°8 ms~*) 
(Ans. 3528 joule; 40%) 
10. What is the mechanical advantage of an inclined plane as a machine when 
inclination of the plane is 30° with the horizontal, if the force acts (i) horizon- 
tally, (ii) along the plane? What force along. the plane is needed to raise a 
scooter of weight 150 kg ? (Ans. 1/3; 2; 75 kg) 
il. The fulcrum of a lever of length 1 m is at its middle point. If the fulcrum 
is moved by ‘25 m towards the load, how are efficiency and velocity ratio 
affected 2 (Ams. efficiency remains same, velocity ratio is increased 3 times) 
12. In a wheel and axle machine the radii of the wheel and axle are*5 m and 
‘05 m respectively. A weight of 100 kg is raised when it is hanging by a rope 
fiom the axle by applying a force of 12 kg on the circumference of the wheel. 
Find the mechanical advantage, velocity ratio and efficiency of this machine. 
(Ans. 8-3; 10; 83°3%) 
13. A jack of pitch 4 mm is worked by a handle of length 50 cm. There is 
friction between the screw and the nut of it. To overcome the frictional force 
an extra effort „by "004 times the load has to be applied. Calculate the least force 


required to raise and lower a load of 500 kg. (Take g=10 ms~*) 
(Ans. 26°36 newton; 13-6 newton) 


14. A pulley fixed to the ceiling carries a thread with bodies of masses m, and 
m, attached at its ends. The masses cf the pulley and thread are negligible, 
friction is absent. Find the acceleration of the centre of mass (acm) of this 


R 2 
m,—m, 
system. | Ans ar ort 
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15. A particle of mass m is placed upon a smooth face, inclined at an anglea 
to the horizontal, of a prism, also of mass m, which is resting upon a smooth 
horizontal table. Show that when the Particle has moved a distance x down the 
face of the prism, the prism itself will have moved a distance of 4 x cosa. 


16. Suppose you have to pile up uniform bricks to erect a leaning wall by 
giving offset to each brick by a constant fraction, L of a brick length / above 


the one beneath. How many bricks can be piled up before the wal | will collapse? 
How high wall can you erect if the Size of each brick is 7°5 cmx12'5 cm x25 cm 
and offset is only 25 of the length of each brick ? What is tho total offset 
you get ? 
[Hint : The vertical line through C. G. of the wall must Pass through the base, 
The moment it will go beyond the base brick, the wall will collapse, | 
(Ans. (n+-1) bricks including the lowest one; 82:5 cm high wall can be erected: 
offset =25 cm) 


17. What is the maximum offset that one can obtain by Piling up for identi- 
cal bricks each of length 1? 


[Hint : C. G. of any two from top must pass through the edge of the third 


beneath. The uppermost brick may overhang by 41 ( Ans. iz") 


18. A man weighing 60 kg is standing at the centre of flat boat and he is 
20 m from the shore, He walks 8 m on the boat towards the shore and then 


halts. The boat weighs 200 kg. How far is he from the shore at the end of this 
time? -> 


[Hint : As the system is free from external force, centre of mass of the system 
Consisting of man and boat must not move,] (Ans. 13°8 m) 


19. A block of mass M with a semi-circular 
a horizontal frictionless surface, 
is released from rest from the top pi 
semi-ci 


(I. I. T. 1983) 


Fig. 6-5 


~n mR—r) a 2m%g(R—r) 
(An M+tm ° the left; aN M(M-+-m) ) 
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20. A 50 {kg Plank of length 6 m rests on the ground at one end and on 
frictionless rolleron the top of a wall of height h=3m. The Plank projects 
a little beyond the wall. The plank remains in equilibrium for any value 0> 70°, 
where 9 is the angle made by» the plank with the horizontal. Find the coefficient 
of friction between the plank and the ground. 

[Hint : Apply the equilibrium condition that =r=0 and > F=0.] (Ans. *33) 

2i. In the step-ladder (show in the Fig. 6-6) 8m long and hinged at C, 
BD is a tie rod’ 2°5 m long half way up. A man 
of 86 kg climbs 6 m along the ladder. Find the 
tension jin the tie rod and the forces exerted on 
the ladder by the floor assuming the floor fric- 
tionless and ladder weightless; 


[Hint : Consider the ‘free body’ diagram of 
the sides of the ladder.] n 
(Ans. R =540 kgf, R,=32-2 kgf, T=21-2 kg) 

22. A pulley arrangement is shown in the 
Fig. 6.7. Ahas a diameter of 30 cm and the 
cylinder B has diameter of 20 cm, The work. 
ing handle has an arm of 
50cm. The directionof winding 
of the rope is opposite to that of 
B. Calculate the mechanical 
advantage of the machine. 

[Hint : To find the displace- 
ment of the load when the handle 
is rotated through one full rota- 
tion, consider the fact that the 
length of the rope remains same.) 

(Ans. 20) Fig. 6-7 f 

23. Show that a non-homogeneous cylinder on a horizontal plane hasa 
Position of stable equilibrium when its centre of gravity is vertically below the 
axis O of the cylinder. : 

24. A dumb-bell consists of two weights W, and W, (W,>W,) and is 
hinged at point distant /, and /, from W, and W, | 

, TesPectively. Establish the criterion of stable 
equilibrium for the vertical position of the 


dumb-bell. 
(Ans. W> Wih) 

25. A hemispherical cup of radius r and | 
having its centre of gravity at C distant c from iR 
its centre rests on the top of a spherical surface | 
of radius R as shown in the Fig. 6-8. Assuming : 
that there is sufficient friction to prevent slipping, F'g. 6-8 


establish the criterion of stability of the cup in the position shown. 


| ans R>r (5 -1)| 
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26. A solid of uniform density is made by 
of a hemisphere ard a right“ circular cone 
which have a common base of radius r. Deter- 
mine the largest value of A of the cone consister 
with. stability of the body in the vertical posi- 
tion, 


(Ans. hmas=V/ 30) 


0 
(Fig. 6-9) 


` 


27. Find the centre of mass of the following L and T shaped planks with 
reference to the frame indicated jn the diagram (Fig. 6-10). 


j „ecm, ; ktc l 
| 
16cm 
bem 
8cm— - 
GEM 
s $ ly 


(Fig. 6-10) 
(Ans : 3:7 cm; 7-7 cm and 0 and 4 cm) 


28. A cube of uniform density and edge a is balanced on a cylindrical sur- 
face of radius r. Show that the criterion for Stability of equilibrium of the cube, 
assuming the friction is sufficient to prevent slipping, is r>a/2. 


29. Assuming that a car whose cg is at a distance b from the rear-wheel and 
at a distance c from the front wheel and at a height 4 above the pavement, has 
sufficient power and there is sufficient friction, find the maximum acceleration 


that it would be able to develop without tipping over backward. (Ans +) 


OOo 


CHAPTER 7 


FRICTION, WORK, POWER AND ENERGY : 
WORK-ENERGY THEOREM : PRINCIPLE 
OF CONSERVATION OF ENERGY 


1. Friction—(a) Whenever a body tends to move or moves Over 
another body, there arises a force due to roughness of the surfaces 
in contact which tends to oppose the- motion. This force is called 
frictional force. 

Laws of friction—(i) Friction opposes motion. 

(ii), The force of limiting friction is proportional to normal 
reaction. 

If F=limiting frictional force and N=normal reaction then 

FoN or F=p;N 
where us is a constant called coefficient of static friction depending 
on the nature of the surfaces in contact. When a body moves over 
another body the frictional force effective between them is called 
dynamic (or kinetic) frictional force. Fyinetic=veN where pz is 
another constant called coefficient of kinetic friction. pe iS 
always less then pe. 


2. Work, power and energy—(i). Work is said to be done when 
there is displacement of the point of application. and the amount of 
work done is, 


Work done=Fs cos 0 pe (J) where F=force, s= displacement 
and 6=angle between force and fecha nary 


or Wak «8: 


(ii) Power—Rate of doing work by anagent is called its power. 


Power= joule per second (Js) or watt (W). But W=F.s. 


p-f pgy watt (- y= Al 


` (tii) Energy— Capacity of doing work is called energy. In 
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mechanics capacity of doing work may be due to motion, position 
(e.g. water at high level) and configuration (e.g. a compressed 
Spring). 

Energy due to motion is called kinetic energy and energy due to 
Position or configuration is called potential energy. ; 

The gravitational potential energy of a body at a height 


h=(U,+-mgh) joule (J) where U, is the gravitational energy of the 
body in the datum (reference) plane. 


The potential energy of a stretched or compressed spring =4kx* 
where & is the ‘force constant? of the spring and x=clongation or 
compression of the spring, 


_ The kinetic energy of a body of mass ‘m’ and velocity y=imy’. 

Conservative and non-conservative forces. 

If the work done by a force in moving a body from one point to 
another depends only on the position of the points and not on the 
Path, the force is said to be conservative. The gravitational force, 
the spring force, the electric and magnetic forces are examples of 
Conservative force. If the work done depends on the path, it is 


Said to be non-conservative force. Frictional force is the only non- 
Conservative force with which we have to deal. 


3. Work-energy theorem : The work done by the external forces 
acting on a body is always equal to the change in kinetic energy of 
. the body. 


4. Principle of conservation of energy : Energy can be trans- 


ferred from one kind to another, but it cannot be created nor des- 
troyed; the total energy is constant. 


EXAMPLES 


Ex. 1. A piece of ice slides down a Plane inclined at 45° to the 
horizontal in a time which is twice the time it takes to slide down 
the same plane when it is Srictionless. Calculate. the coefficient of 
Sriction between ice and the inelined plane. (Bih. Uniy. 1967) 


Sol. Considering free body diagram of the piece of ice and its 
motion along and Perpendicular to the plane, 


; ME SiN. 0 — frriction= mà 
where a is the acceleration down the plane: 


mg cos 0=N (normal reaction), 


| 
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But Sprictton =n N= mg Cos.0 
mg sin. 0~—p mg cos 8=ma 


or a=g sin 6—pg cos 0=g (Ga =x). 
When the plane ‘is frictionless, »=0} then 
a=g sind=g sin pent 


Let t, be the time taken by the ice piece to slide down the 
frictional plane and ft, down the frictionless plane. 


Then s (length of the plane)=}. aN —n).t? 


and s=}. or «ta? 


i: me (l-wt? =. re AX 
But ty=2ts 


(1p) 4t =t? 
or 1 
or p=1—1=2="75. Ans. 


Ex. 2. 4 body of mass 5 kg is being pulled up along a rough 
inclined plane with an acceleration 5 cm s> ’ by means of a weightless 
string running parallel to the plane. If the inclination of the plane 
be 45° to the horizontal and the ‘coefficient of friction between the 
body and the plane be °3, find the pull in the string. (g=9°8 ms~) 

Sol. Considering the free-body diagram of the body and its 
motion along and perpendicular to the plane, 

P—y N—mg sin 45°=m x ‘05 

and N=mg cos 45° N 
<. P=y N-+mg sin 45°+:05 m 


='3xmg cos 45°--mg sin 45°--05m fe 
; și NY mgcosé 
POL S08 vo gal g 
=(3 a Meal Nl be Oe wa =) 
( x5K9B.X J of V2 
mg 
+05x5) Fig. 7-1 


= 10°44.34°6-4°25 
or P=45:25 newtons. Ans. 
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Ex. 3. A 10 kg body is pushed up a frictionless 45° inclined 
Plane 4 m long by a horizontal force. (a) If the speed at the bottom is. 
4 ms- and at the top 8 mst, how much work is done by the force ? 
(b) Suppose the plane is not frictionless and that py='15. What 
work will the.same force do? How far up the plane does the 
body go ? : 

Sol. The three real forces acting on the body are (i) the applied 
force F, (ii) the gravitational pull mg, and (iii) the normal reaction 
N of the plane. : 

Work done by the gravitational pull= 10 9:8 x (—4 sin 45°) 


= = 24" = —277 joules 


Work done by the normal reaction=0. 


Let W be the work done by the force. Then by the ‘work-energy’ 
theorem, 


277+ W= 310x884 x 10x4? 


Orta W =277+320—80=517 joules. Ans. 
Also work done by the force= Fx 4 cos 45° 
Ly Si of ae i 
E2 =24/2 F 


2/2 F=517 or F=182'8 newtons. 


If the plane is not. frictionless then there are four real forces 
acting on the body. Let it go up by S- Then 


Work done by the gravitational pull=10 gx (—S sin 45°) 


21085 ~ _ 69.35 
4/2 


Work done by the frictional force = Firietton X (=S) 
=u NS = —u mgcoseS 


= 7'15x10x9'8x 55 


=— 104 S. 
Work done by the force — 182°8 xS cos45° = 129-35. 
` Work done by the normal reaction = 0, 
By the ‘work-energy” theorem, 
— 693 S—10-4 S+ 129:3 S=}x10x4? 
or .496 S=80 or S 


=16 m 
Work done by the force 


=1293 x 164207 joule, Ans. 
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Ex. 4. A Skgblockand a16 kg block connected together by 
a string slide down a 30° inclined plane. The coefficient of friction 
between 8 kg block and the plane is *\ and that between 16 kg block 
and the plane is :2.. Find (a) acceleration of the block, (b) the 
tension in the string, assuming that the 8 kg block leads, (c) describe 
the motion if the blocks are reversed. 


Sol. Let us first consider 
the problem in a general way. 
The real forces acting on the 
bodies are shown in their free- 
body diagrams (Fig. 7-2). 

Considering motion of the 
first body along and perpendi- 
cular to the plane, 

mgsing —-T— F= m;a 
where F; is the frictional force; 
N,—my,gcose=9. 

mg sing—T— pmg Cos = m4 N hd 68 

Considering motion of the second body along and perpendicular 

to the plane, 


mg sind +-T—F,=m,a 
and N.—m,gcose= 0 : 
megsind+T— p Meg COSO = Mya supe tad) 
Adding (i) and (ii), we have 
(m,+-mg) g sind — (m Mı-+ Be M) g COSO= (Im, -+-mM,) a 


A fy Mı Hua Ma )s 
or a=g sing—{| + jg cose 
£ m Pm ET E 


and T= my ma (aH) g cos. 
m +m 


In the first case m ="1, m, =8 and m,= 16, p ='2. 


a=9°8 sin so- (Teens %9°8 cos 30°=3'5 ms~® 
pa 8x lée¢2—"l) x 9°8 cos 30° _ 4.5 newton. 
Í 8+16 

Ex. 5. A man can throw a stone horizontally with velocity 
¥,='5 m/s. What velocity v, can he generate in the same stone if he 
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throws it with the same force while standing on skates on smooth. ice ? 
The mass of the stone m=1 kg, the.mass of the man M=60 kg. 
Will the man produce the same power in éach case? 


Sol. In the first case the man performs work 
W=} my’. 
If, in the second case, he throws the same stone with the same force 


he will do the same work but his work will be converted partly into 


kinetic of his own and partly into the kinetic energy of the stone. 
Therefore, 


| Bm? =} mv} MV? 
By the law of conservation of momentum, 
mvy=MV. 


Hence ; = SM 
(Ties J m+M 
60 
=5 /——__=4:96 ms-1. Ans. 
// 60-1 4:96 ms 
The velocity of the man after he has thrown the stone, 
Va vy E. KRIE S 
M(M¥m) 
The velocity of the stone relative to the man is 
Vrea = vn +V = n/m >v. 
Since, power =force x veloci ty, 


power because the velocity of t 
greater. 


the man must develop a greater 
he stone relative to man is now 


Ex. 6. A mass 2 m is fixed at on 
What horizontal velocity should b 


Sol. Considering conservation of energy between the vertical 
position and the horizontal Position, we have 


=(2m)gl+-4 Qm)y2=0 or Y= 2gl. Ans, 
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Case I 


Case I 


In the second case the two masses will have the same angular 
velocity but different linear velocities. i 


n doada A 
Toe oro w=7 
2 
By the principle of conservation of energy, 
Ll yet m2 
mgl+ Mg = > Mo + 5) m 7 
5 i DE 
or 3 mgl= A my? Or v= ii = eh Ans. 


Ex. 7. A particle of mass m rests on a horizontal floor with which 
it has a coefficient of friction. It is desired to make the body move 
by applying the minimum possible force. Find this minimum force 
and the direction in which has to be applied. QIT 1987) 


Sol. Let F be any force applied in any direction (at 9) with the 
vertical to move the body. 
Resolving the forces along and ARE 
perpendicular to the horizontal ; > I 
plane we have 
; uN =F sino 
and - : N-4-Fcoso =mg. 


OREA LER 
konoari ucosé +sing 
Obviously, F is minimum when (ucos@-+-sind) is maximum, that is, 
d é 
— (ucose-++ sine) =0 
a (u + ) 


or —psine+-cose=0 
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or tano=L. Ans. 
u 
a. EREET ESSE a Ee 4 


n — 5 za vel 
V ptl Vet 


Fuin= 


EXERCISES 
(A) 


1.°A block weighing 5 kg is pressed against a vertical wall by a normal 
force of 150 newtons, the coefficient of friction being ‘5. Find the force 
required to cause the block to move (a) horizontally, (b) vertically upward, 
(c) vertically downwards. 


(Ans, (a) 75 newtons, (b) 124 newtons, (c) 26 newtons) 


2. A body of 4 kg rests in limiting equilibrium on a rough plane when slope is 
30°. The slope is subsequently increased to 60°. Calculate (i) aoefficient of 
limiting friction between the body and’ the surface, (ii) .cceleration down the 
plane if coefficient of kinetic friction is -4, (iii) force required to prevent it from 
sliding down the plane, (iv) force required just to move it up the plane. 


(g=9:8 m/s*) (Ans. (i) “5774, (ii) 6°53 m/s*, (iii) 22°63 newtons or-2°31 kg, . 


(iv) 45°26 newtons or 4 62 kg) 


“A The length of a simple pendulum is-4m_ The bob of pendulum is drawn 
aside till the string is horizontal, Tt isreleased: from this’ horizontal position. 
How fast williit be when it reaches the lowest point in its swing ? g=9'8 m/s~* 


[Hint : Lossin potential energy =gàin in kinetic energy.} (Aps. 2:8 ms~*) 


4. A block slides downan inclined plane of slope @ with constant velocity. 
Itis then projected up the plane with an initial speed u, How far up the incline 
will it move before coming to rest? Will it slide down again ? 


[Hint : u= tand} ey 
yi Ans. 4g sind ; No } 


5. A sharp knife of mass $ kg penetrates 5 cm into wood when it falls from 


a height of 2 m. How much will it penetrate when thrown horizontally with 
velocity 10 m/s? (Ans. -12:44 cm) 


- 6. A bullet i 20 gm travelling horizontally at 100 ms-1 embeds itself 
in the centre of the block of wood of mass 1 kg and suspended by a light vertical 


oa Mogi min length. Calculate the maximum inclination of the string to the 


[Hint : Consider conservation of momentum and conservation of energy.] 
(Aus. 37°) 


ie 
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TA body moves 
in a straight line under 
the action of a variable 
force which changes with 
displacement of the body 
as shown in the figure. 
What is the work done 
when the body has been 
displaced through (i) -2 m, 
(ii) 4m? 

(Ans. (i) "2 joule, 
(ii) *8 joule) 

8. A motor cyclist is 
moving up an incline 1 in 
100 at the speed of 40 
kilometres per — hour. 
What is the horse power 
of the engine if the motor 
cycle and its rider together weigh 200 kg, coefficient of friction between tyre and 
road is -1 and air resistance to the system at this speed is *5 newton per kg of 
the system ? (746 watt=1 H. P.) : (Ans. 4°7 H. P.) 


9. A truck can move up a road having a grade of 1 m rise every 50 m with 
speed of 24 kilometres per hour. How fast will the same truck move down the 
hill with the same horse power ? The air resistance to the motion of the truck 
is 1/25th of its weight, 5 (Ans. 72 kph) 

10. A railroad flat car is loaded with crates having coefficient of friction 
*25 with the car. If the car is moving at 30 kph, in what short distance can the 
Cer be stopped without letting the crates slide ? (Ans. 14°16 m) 

H. The handle ofa floor mop makes an angle @'with the vertical. If ps and 
Hs be coefficients of kinetic and static friction between floor and mop, show that 
if is smaller than certain value 04, the mop cannot be made to slide over across 
the floor, no matter how great a force is directed along the handle towards the 
centre Whatis the angle @, ? (Ans. @,=tan-* ps) 

12. A cord is used to lower vertically a block of mass M through a distance 
data constant acceleration g/4. Find the work done by the cord on the block, 

(Ans. | Mgd) 

13. A 2 kg block is dropped from a height of ‘4m on to a spring of force 
constant k= 1960 newtons per metre. Find the maximum distance the spring 
will be compressed. (Take g=9°8 ms?) © 

[Hint : Consider conservation of energy. ] (Ans. ‘I m) 

14. A light spring is hung vertically from fixed support and a heavy mass 
‘m is attached to itslower end. The mass is then slowly lowered to its equili- 
brium position. This stretches the spring by an amount d. If the same body is 
Permitted to fall instead; through what distance does it stretch the spring ? 

[Hint : Consider conservation of energy.] `> j (Ans. 2d) 
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15. A 1 kg block collides with a horizontal weightless spring of force cons- 
tant2Nm-. The block compresses the spring 4 m from the rest position of 
the spring, If the coefficient of friction is +25, what was the speed of the block 
at the instant of collision ? 

[Hint : Apply work-energy theorem.) (Ans. 7:2 ms~}) 


(B) 


16. If a block of mass ? kg is Placed ona trolley of mass 20 kg free to 
move on a frictionless floor, what are the frictional force, accelerations of 
the block and trolley if the block is pulled by a force of 3N ? The coefficient 
of friction between block and trolley is ‘25. What will be values of all the three if 
the block is pulled by 8 N force ? 


[Hint : So long the force applied is less than the limiting frictional force 
the two will move wtih common acceleration. When the force applied exceeds 
the limiting frictional force, the block will move on the trolley with different 
acceleration.] (Ans. 2°73 N ; -136 ms~ ; +136 ms~?; 4'9 N; 

1°55 ms-*; 245 ms~*) 

17. A rectangular block of mass M and height 2h and width 2c rests ona 
flat car which moves horizontally with constant acceleration ‘a’. Determine the 
value of ‘a’ at which slipping of the block on the car will be prevented if the 
coefficient of friction is u and the value of acceleration at which tippings of the 
block will be prevented, assuming sufficient friction to prevent slipping. 


[Hint : Apply D’Alemberts Principle and conditions for rotational and 


translational equilibrium.] 
(ans. Hg; A 


18. An arrow weighing 0145 kg is shot froma 15:876 kg draw bow at full 
draw dad m. : Assuming a-linear relation between draw and force, calculate 
the veloctiy y with which the arrow leaves the bow, 


[Hint : Here F=kd. When d=-4 m, F= 
15:876x9:8 ` 
ey d 


15:876 g newton. 


k= — =3887 Nm- 


strain potential cnergy=}kd?=}my? or v=dy kim ] 


19. A flexible but inextensible ch age 
19. tole but inextensible chain of length / is Placed on a h tabl 

with an initial length @ hanging down the table, Ca! oa. 

. . “4 l i i i 

the chain will leave the table if released from rest, ret hic 

(Hint: Taking the table as the datum 


d Mies and mas the i 
of the chain, apply the principle of conservati esner pnt lenpth 


on of energy.) 


20. Calculate the velocity 


; ¥ of the fallin, 
X in an axle and wheel system oi 


t g mass P after it has gone down b 
f radii rand R TesPectively (Fig, 7-4), { 
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[Hint : Let Q go up by y when P goes down by x. 


Then = 2 s RR (EF yi 
yor dt r G 
Apply ‘work-energy’ theorem to the system (P+-Q). 


Remember that the gravitational pulls are the lone 
forces external to the system, the tensions are internal 
forces of the system.] 


| r 
P= 
Ans. fi 2g a A ch 
(Y PHO P 
Fig. 7-4 


21. If the system of the Fig. 7-5 is released from rest in the configuration 
shown by solid lines, find the 
maximum distance A that the ree Sees eee ae, 
weight will fall. (Neglect fric- 
tion and ma sses of pulleys.) 
(Hint : Apply ‘work-energy’ 
theorem to the compound 
system consisting of the three 
masses. To find instantaneous @i Ue | 
Velocities of the masses. apply ; 
the condition that the length of Fig. 7-5 - : 
the String remains constant. Also remember that gravitational pulis are the lone 
forces external to the system, the tension of the string is the internal force of the 
system.) 


1 
(Ans. te Noor 


22. A body of mass m starts from rest down a Plane of length /atam angle 6 
with the horizontal. (a) Find the body’s speed at the bottom. (b) How far will 
it slide horizontally on a similar surface after reaching the bottom of the incline. 
The coefficient of friction between the body and the plane is u. -i 


[Ans: (a)y 2gi (Sind —p cos); (b) Leino- cos®)] 


23. A 4 kg block is put-on the top of a 5 kg block. In order to 
move the 4 kg block oyer the 5 kg block a force of 12 newton is required. 
Assuming a frictionless table, find (a) the maximum horizontal force which can 
be applied to the lower block so that the blocks will move together and (b) the 
Tesulting acceleration, A i 

[Hint : 12. 4g or p='3. The two willmove together so long the frictio- 
nal force between the two will not reach the limiting value. Consider separately 
the free-body diagrams and apply Newton’s second law to their motion.) 

(Ans. (a) 27 newton, (b) 3 ms~*) 

24. A block A of 10 kg rests ona rough horizontal table and it is connected 
to another block of mass 5 kg by a string passing over a frictionless pulley. This 


N, E. P.-6 
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mass hangs vertically. (a) Determine the minimum weight of a third. block C 
which can be placed on A to prevent it from sliding if ps =-2. (b) The block C is 
suddenly lifted, then what is the acceleration of the block A ? (4,="18) 


(Ans. (a) 15 kg, (b) 2 ms-*) 
25. A block of mass m slides down an inclined right angled trough. If the 


Coefficient of kinetic friction between the block and the material composing the 
trough is uw, find the acceleration of the block down the Plane, 


(Ans. g(sind—4/2 jx cosd) 
26. A net force of 5 newton acts on a 15 kg body initially at rest. 
Compute the work done by the force in the first, second and third second and 
instantaneous power exerted by the force at the end of the third second. 
[Hint : Work done by external force=change in kinetic energy. 


Instantaneous Power=forceXinstan taneous velocity.] 


(Ans. +83 joule; 2:5 joule; 4:17 joule; 5 watt) 
27. The force required to towa boat 
to the velocity. If it takes 7460 watt 
kph, how much horse power (1 H. P. 
speed of 12 kph ? 
[Hint : Force o velocity. P=force x Velocity) 
28. What power is developed by grinding machine whose wheel has a 
radius of 20 cm and runs at 2'5 revolutions per second' when the tool to be 
sharpened is held against the wheel with a force of 20 kgf ? The coefficient of 
friction between the tool and the wheel is +3, 


. {Hint : Power=Fy= For= uNor where N is the normal reaction] 


at constant velocity is, proportional 
to towa certain boat at a speed of 4 
+ =746 waits) will te recuircd to tow it at a 


(Ans, 90 H. P.) 


(Ans. 184:7 watt) 


29. Consider the system of weights P 
P= "5 kg as shown in fig. 7-6. a=300 
friction between the weights and the, pl 


ı=l kg, P,=2 kg and P,=5 kg and 


> &=98 ms- and the coefficient of 
ane: 


s is -2, Find (a) the acceleration 
of | the system, (b). tensions in the 
strings between P, and P, and that 

etween P, and P, respectively, and 
(c) the force with which P, presses 
down on P}. 

; (Hint: Make ‘free body’ 
_ diagram of each and apply Newton’s 

law of motion after resolving the 
y along and 
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[Hint : Applying D’Alembert’s principle bring the system to rest. Make 
free-body diagram and apply second law of motion:] 


__cos0+sind = 7 2: 
(Ans, a= cos0—=p sind g=21'7 ms!) 


31. Suppose that the string of simple pendulum is elastic and k is its 
3 3 
force constant. Show that the string will stretch by an amount Ajea 


when Al<</. Also show that the speed of the bob at the bottom is 


v= J z(1- vue . The amplitude of the pendulum is 90°, 


[Hint : From energy consideration at the lowest Point:.we have, (taking the. 
horizontal Plane through the point of suspension as the datum plane) 


0=4mv?+-4k(Al)*—me(l-+ Al. 
From consideration of circular motion at the lowest point, 


my? 
kKAl—mg—T NT ] 


32. Three blocks 4, B and C of mass 8 kg, 4kg and 3 kg respectively are 
Placed on.a horizontal floor one above the other, A being on the floor and B over 
Aand C over B. C is prevented from moving by a massless rigid rod fixed to the 
nearest wall while 4 and B are connected by a light flexible horizontal string 
Passing around a pulley fixed to the wall. Calculate the ‘force required to move 
4 away from the wall if the coefficient of sliding friction between any two 
Surfaces is +25, 

[Hint : When two bodies are in motion, one exerts frictional force on the 
other in direction opPosite to its motion and the other also exerts same force on 
the first in direction opposite to its own motion. Consider then motion of each 
body considering all the forces acting on each.} (Ans. 8 kg wt.) 

33. The cable of a 4000 kg elevator (lift) snaps when the elevator is at rest, at 
the second floor so that the bottom is at a distance 12m above a ‘cushioning 
Spring whose force constant is k=10t kg m~. A safety device clamps the guide 
Tails so that a constant frictional force 1000 kg opposes the motion of the 
elevator, Find (a) the speed of the elevator just before it hits the spring, (b),the 
distance by which the spring is compressed after first hit, (c) the distance that 
the elevator will bounce back up the shaft, and (d) the total distance that the 
levator will describe before coming to rest. i 

[Hint : Apply ‘work-energy’ theorem and remember that spring force and 
gravitational force are conservative and the frictional force is non-conservative. 

(Ans, 13°3 ms}; 3 m; 6 m; 48°75ml] 

34. Two masses 1:65 kg and 3°30 kg joined together by a massless tod Paralle 
to an incline of 30°, on which both slide down along the plane with 1°65 kg 
trailing behind 3-30 kg. The coefficient of friction between the first mass and the 

` Plane is +226 and that ‘between the second mass and the plane is +113. Find 
(a) the tension in the rod, (b) the common acceleration of the two masses. 
(I. I. T. 1979) 
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(Hint : Make ‘free-body’ diagram of the two bodies and consider their motion 
along and perpendicular to the Plane.} (Ans. 1:06 N; 3-62 ms?) 


35. A 40 kg body is pushed up a frictionless 30° incline 10 m long bya hori- 
zontal force. (a) If the speed at the bottom is 2 ms} and at the top is 10 ms7}, 
how much work is done by the force ? (b) Suppose the plane is not frictionless 
(He="5), then what work will this force do ? How far up the plane does the 
body go ? (Ans. . 3880 joules; 349-0 joules; -9m) 

36. A Particle of mass m is accelerated by aconstant force for t seconds, 
Two observers observe it from two frames S and S$’, § is stationary and S$’ is 
moving with uniform velocity u with respect to S. Show that for each observer 
the work done is equal to the gain in kinetic energy but for observer in S’ it is 
$ ma‘t* and for the observer in S it is + ma?t?-} maut where a is the acceleration 
of the particle. The particle is initially at rest in S’. 


(Hint : x=x'" Eut, v=v'tu, According to the theory of relativity laws 
of Physics are the same in all frames.) 


37. An escalator joias one floor with another 10 m above: The escalator is 


20 m long and moves along its length at 1-0 ms~*. (a) What power its motor must 


to carry a maximum of 100 persons per minute of average 
mass 60 kg ? (b) If a man walks up the escalator in 10 s, how much work does 
im ? (©) If this man turned around at the middle and walked 
to stay at the same floor, would the’ motor do work on 
rk energy’ theorem.} 


{Ans. 9800 watt or 1314 H; P.; 2940 joules; No) 


i i tential f. the 
spring. The spring will be porgressi l potential energy o 
common velocity. } 


M 
(ans “(m+ M) 
39. A block 


3 s on a fricti i 
10 ms-1, Directly in front of it and ing i ame gee with a aber of 


A massless SPring with force 
3s ! constant £=1120 
Nm-tis attached to the backs Side facing 2 kg mass) of it. When the 
» What is the maximum c i ing J a 


frictionless inclined 1 =300 
A S kg mass is iae a aa Age of the incline and is He oe 
the mass slide before Coming to rest me a att Hippel mmiRapetaace, does 


(Hint: Apply work-energy theorem. 
i (Ans. 4:08 m) 


FRICTION, WORK, POWER AND BNERGY : WORK-ENERGY.... 85 


41. Masses M,, M, and: My are ‘connected by strings of negligible mass: 
which Pass over massless ‘and frictionless pulleys P, and P, as: shown in 
Fig. 7-7. The masses move such j 
that the string between P, and P, is 
Parallel to the incline and the 
Portion of the string between P, and 
M; is horizontal. The masses M, 
and M, are 4:0 kg each’ and the 
coefficient of kinetic ` friction x ‘ 
between the masses and the surfaces is *25. The inclined Plane makes an angle of 


37° with the horizontal. If the mass M, moves downwards with a uniform 
velocity, find ~ 


Fig. 7-7 


(i) the mass of M, 
(i) the tension in the horizontal portion. si 
(g=9°8 ms-2, sin37°= 8) RA (I. 1, T. 1981) 
{Ans. (i) 4'2 kg, (ii) 9°8 N] 
42. The handles of a table-drawer are equidistant from the sides of the 
drawer and are distant c from each other. Show that'it will be impossible to. 
pull the drawer out by pulling one handle if I< ue where / is the length of tne 
drawer from back to front and p is the coefficient of friction. 
[Hint : Consider a force applied at inclination @ with the knob of the handle. 


APply conditions for translational and rotational equilibrium. Hence show that 
itis Possible to be drawn when 


p foe 
tan9> Web 2px paul . 


Since tang is Positive, l> 0c. 


43. A fixed pulley carries a weightless thread with masses ms meau 
ends (m,>m,). There is friction between the thread and the pulley. i 
that the thread starts slipping when the ratio of m, to m, is 7o, find y 


M, 
F n> 
(a) the friction coefficient, (b) the acceleration of the masses when m, Pam 


logn g(n—N) 

(ans. nes a= atn 
(Hint : Consider an element of the thread of width dd at an angular distatice 
® from the horizontal diameter of the pulley. The forces at the ends are T and 
T+-dT. If dN is the normal reaction of the pulley on the element, then df (fric- 
tional force on the element)=pdN. Resolving the tensions at the ends along 
And perpendicular ‘to the radius vector of the element, we have for equilibrium 
of the element dr =dfand dN=Td0. Integrate from T, to Tẹ T=mg and 

T,=m,g. These are obtained by considering equilibrium of m, and m,-] 


44. A block of mass.m is placed on the rough incline of a wedge of mass M 
and inclination a to the horizontal. Calculate the maximum and minimum 
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acceleration that can be i 
Stationary relative to 
and the wedge is u. 


imparted to the wedge:so that the block may. remain 
the wedge. The coefficient of friction between the block 


ucosa--sing z Sing—pcosa 
Ans. cosa--ysing 8 ‘ising s-cosa® 
ing from rest along the Circumference of a horizontal 
m with a constant tangential acceleration a:=0'62, ms 
g friction is u=2, What distance will the car describe 


45. A car starts movi 
circle of radius R=40 
The coefficient of slidin 
without sliding 2 


¿ [Hint : The car will Start sliding when the frictional force attains its upper 
ound.) 


(ae. sain /( 2 ~1=60 m) 


t 000 


CHAPTER 8 
CENTRIPETAL AND CENTRIFUGAL FORCES 


(Pseudo Force) 


1. Centripetal force—According to Newton’s first law of motion 
a body moves in a straight line unless a force acts on it. So to 
keep a body move ina curved path a force is essentially needed 
towards the centre of the path. The force so needed is called the 
centripetal force. 

If a body of mass ‘m’ is going round a circular path of radius 
‘r? with uniform speed ‘y’ then 


Centripetal force = Mih newton (N) or mo?r newton (N) 


where o is the angular. speed of rotation of “the body. In circu- 
lar motion, v is related to œ by 
7 y=or. 

The force directed away from the centre is called centrifugal - 
force. : 


2. Motion of a‘bicyclist in a carved path—While taking turn 
round a curved path a cyclist automatically leans inwards for balance 
bécause when he leans inwards a force arises out of the reaction of 
the ground towards the centre of the path. This provides necessary 
“centripetal force which is so essentially needed to move in a curved 
path, 

If y=speed of cyclist, r=radius of the path then inclination of 
the cyclist with the vertical required for ‘balance’ is given by 


a 
tan 0= EI 
rg 


3. Banking of tracks—To keep automobiles move in safety in 
a curved path, the road itself is inclined a little towards the centre 
of the path so that there. arises a force towards the centre of the 
path out of the reaction of the ground and that provides necessary 
centripetal force. Thus no lateral pressure will arise between outer 
wheel and road and safety of drive round the curved path is ensured, 
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The angle by which the road has to be inclined with the hori- 
zontal is given by 


ya 
tan o= L, 
ng 


Exactly for the same reason a railway track is also inclined 
towards the centre of the Curved’ path for ‘safety’, 


4. Circular motion with variable yelocity—If a Particle moves in 
a circular path with variable speed y, then it will have both tangen- 


tial acceleration (a) and radial or centripetal acceleration (ar). 
They are given by 


_ dy ys 
sane and igi 


where r is the radius of the circle, 
The resultant acceleration (a) is given by 
aS VaR a 
The resultant force is given by 


F=ma=m/ at ae. 


EXAMPLES 


Sol. Here, centripetal force = 


tension of the string = 7? , 
r. 


N, normal reaction of the 
table = mg. 


Now, m=500° em=-5 kg; 


Fig. 81 ¥= 150 cm per second = I'S ms-1; 
r=50 cm=+5 in, 

w Benaion SCs Os bira 7 

*. Tension= a =225 N. Ans, 
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Maximum ‘speed is attained when the tension of the String | 
becomes equal to the breaking forces of the String. 


209: = Simas 


Ymaz = V/20x 9'8 =14 ms-1, , Ans. 
Ex. 2. A train is moving at the rate of 60 km per hour round 
a curve of radius 500 m and the distance between the rails is 170 
cm. By how much the outer rail be raised above the inner one so 
that there may be no lateral thrust on the outer rail? (g'=9°8 ms?) _ 
Sol. The angle. by which the track is inclined to avoid lateral 
thrust is given by 


L x 
tan 92 a i Sel gabe a gh 


A ae): 
Since 9 is small, Fig. 8-2 
tan @=0=sin 9=x/L 
Where x=required distance by which outer rail is to be raised 
and L=distance between rails, ied 


2 
ey see hel or PTEE fo) E 
ng r.g 
t _60x1000 100. y, 
Here, vy=60 a a S z 


r=500 m; L=170 cm=1'7 m. 
x O ETE odem. | Aua 


500x98 


Ex. 3. The roadway bridge over a canal is in the form of an 
are of a circle of radius 20 m. What is the maximum speed with 
Which a car can cross the bridge without leaving the ground at the 
highest point ? 

Sol. The real forces acting on the car AN 
at any point are (i) its weight vertically 
downward, and (ii) the normal reaction _ 

Nof the road, At the highest point the —_~ 
normal feaction is vertically upward. 

Hence at the highest point the force Fig. 8-3 
towards the centre is mg—N, If vis the 

Speed of the car, then 


y? 
m ive oe Ning EX 
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The normal reation N can never be negative, i.e. N >0. 


2 — 
mg—"™>0 or gz or y<v/er. 
n Vmat= +/8r. 
Here, r=20 m; g=9'8 ms~. 


= ¥=4/20X9'8=14 ms, Ans. 


Ex. 4. A small body of mass 4 kg is tied to one end of a string 
of length 1 m. With what horizontal velocity the body must be 
projected so that it may go round the peg to which the other end 
of the string is attached without slackening’ of the string at the 
highest point ? 


ss 8 Sol. At the lowest point A, 


2 
centripetal force = T — mg = my 
r 


and kinetic energy = my? =total energy. 
At the highest point B, 


v centripetal force=T’+-mg = my’? 
i r 
mg and total energy = 3mv’2+-m 2(2r). 
Fig, 8-4 (k.e.)  (p.e.) 


In order that the string may not just slacken i : 
at th 
we have T” =0. e highest point 


2 


my 
M2 Se = 12 
g 5 or my! =mgr. 


From the principle of conserva: 


$ tion of ene 
energy at the highest point = total se) We must have total 


energy at the lowest point. 
`o mv? 2mop — pny? 


or imgr-+-2mgr = my? 

or V=V Ser = V5X0Rq Ce r=1 m) 
. =4490 

or 


Das ale 
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Ex. 5. Show that the maximum tension in the string of a 


lum, when the amplitude 0 ts small, is mg (1+8) 


simple pendu 
tension a maximum ? 


At what position of the pendulum is the 
Sol. From consideration of circular 
motion of the pendulum at B, we have 


2 5 
T—mg coso= AE, where r is the 


length of the string. ' 

From consideration of conservation 
of energy, total energy at any point 
B=total energy at the highest point C 

(when @=0) 

imv?+_mgr(1—cose) =a constant ye 
=mgr(1—C0s0)),_mgsin@ ~ mg N a 

ort my? =2mgr(cosd — COSA) Pasi 


3 Fig: 8-5 
or m = 2mg(cose — C080); 5 i 
T= mg cose -+2mg(cosd — 0s) 
3 =3mg cosð — 22mg COSI. 
Obviously T is maximum when coso is maximum. _ ; 
But maximum value of cos@ is 1. i 
‘Hence T is maximum when cosa =1 
or 0=0° 


2 
and Tm=3 mg —2 mg cosn=mel3-2(1- ° | 


; ' o ot 
expansion of cose is cos9=1 -zty 


Tm=mg[3—2+0°]=mg(1 +0); Proved. 

gm is attached to an inextensible 
string of length 1-5 m whose upper end is fixed to the ceiling. The 
sphere is made to describe a horizontal circle of radius 50, cm. Cal- 
culate the time period of one revolution and tension.of the string. 


he string and @ is the angle made: 
f rotation of the 


Ex. 6. A sphere of mass 200 


Sol. Suppose T=tension of t 
by the string with the vertical and v is the speed o 
Sphere, i 
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_ my" 
(REA) 
where R=radius of the earth and h=height of the satellite. 
v=g'(R+h) 
or v= /g'(R+h) 


=y 73 x (6400-+300) x 1000 = 4/7°5 x 67 x 108 
=7°09x 108 ms-1. Ans. |. 
Ex. 9. A particle of mass m moves iñ a circle of radius R in such 
a way that its speed (v) varies with distance (s) as v=ay/s where a 
is a constant. Calculate the acceleration and force on the particle, 
Sol. We have here v=ar/s 
or y= as, 


: Nes dv _ ads 
Differentiating, we =a T 


-4s 

But Eri 
d 2, dy _ 2 
wa atv or, — =a, 


a; (tangential acceleration) = g =}a?; 


ar (radial acceleration) = = = a's 


—. 


R. 
Total acceleration = yata J A 3- a 
3ga) PE O 


(Ans. 21-1) 
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2. A motor cyclist goes round a circular race course at 150 kmph. How: far 
from the vertical must he lean inward to keep his balance if the track is 1'5 km 
long ? (Aus. 36°42’) 

3. Incircusa motorcyclist shows a trick of moving, in a vertical plane 
without falling. Explain the physics of this trick. What is the minimum speed 
of the motorcyclist if the radius of the iron cage in which he shows his trick is 
8m? (Ans, 8°85 ms~*) 

4. A gramophone disc is set revolving in a horizontal plane at the rate 334 
revolutions per minute. It is found that a small coin placed on the disc will 
remain there if its centre is not more than 5 cm from the axis of rotation. 
Calculate the coefficient of friction between the coin and the disc. N 

Hint : Centripetal force = mw*r=Frictional force=pR=pmg.] (Ans. +06) 

5. The C.'G. of aloaded truck is at a height of 3m above the ground and 
the distance between its wheels is 3 m.. What is the maximum speed with which 
it can go round a curved road of radius 200 m without being turtled ? 

j (Ans, 31'3 ms~*) 

6. What is the maximum speed with which an automobile can round an 

unbanked curve of radius 200 m without skidding if the coefficient of friction 
between tyre and road is 3.2 (g=9'8 ms~*) 

[Hint © Centripetal force=mv?/r=pR=mg.] (Ans 24:25 ms) 

7. Calculate the apparent weight ofa body of 10 kg at a place of latitude 
60°. The radius of the earth=6-4x 10° m. ; 

[Hint : Apparent weight=mg—my* cos*A/r where A is the latitude of the place 
| =mg—mw?*r cos?) newton 
=(m—mo®r cos*)/g) kg-] 
(Ans. 9°9914 kg) 

8. A smail body is tied to an end of an inextensible string of negligible 
mass and length z, the other end being clamped to arigid suppport. What is the 
minimum velocity. with which the body must be projected horizontally so that it 
can go completely round a vertical circle without slackening of the string at the 
highest point ? 

(Hint : In circular motion in 
point to point because,acceleration due to 
that remains constant is its total energy. 
tension is zero., ni 


a vertical plane speed and tension change from 

gravity also acts on it. The only thing 

The string will not just slacken when 
(Ans. 4/5 gr) 


9. An artificial satellite is revolving in a circular orbit at a height of 600 km. 
from the earth’s surface If its time of revolution be 100 minutes, calculate the 
acceleration due to gravity acting on it towards the earth. Radius of earth 
=6'4x 10° m, (Ans, 7°68 ms-*) 

10. A mass mona frictionless table is attached to hanging mass M by a 
cord of length / passing through a hole in the table. Find the speed with which 
m must spin for M to stay at the highest point. 
will be the force with which M will press the table ? 


: Mgl 
. (ams v= | m3 Ma) 


If this speed is doubled, what 
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11. A road is banked correctly for speed 40 kmph. What is the maximum 
speed with which a car can negotiate the bend without skidding if coefficient of 
friction between road and-tyre is -3 and radius of the bend is 1 km ? 

[Hint : vm*=v?+ jigr.] (Ans. 55-35 ms™) 

12, The artificial satellite Aryabhatta was reported to revolve round the 
earth in 96-2 minutes at an average height 600 km. With what velocity was it 
Projected ? What is the acceleration due to gravity on the satellite ? 


(Radius of the earth=6400 km.) (Ans. 7:62 10° ms~* ; 8:29 ms~*) 


13. The bob of a simple pendulum of length 1 m hangs at rest. It is 
suddenly projected horizontally with velocity 10 ms-1, Calculate the velocity of 
bob and. tension of string when it is horizontal. The mass of bob is $ kg. 


[Hint : See worked out example 4] (Ans. 8'97 ms-? ; 40-2 N) 
14. A small brass bob is revolving in a horizontal circle with constant speed 


2 ms~ at theend of a string of length 1 m. Find the time required for 
one revolution of the body. What angle does the string make with the vertical ? 
(Ams. 1-814 s, (ii) 35°) 

15. A roadway bridge over a rivulet is in the forin of quarter of a circle of 
radius 60m. What is the maximum speed with which a car must pass over the 
bridge without leaving the ground at any point of it ? (Ans. 20°39. ms~?) 


16. A string of length 1 m js fixed at one end and carries a mass of 1 kg at 
the Other end. The string makes 2/m revolutions per second around a vertical 
axis passing through the fixed end. Calculate G)-angle of inclination of the string 
with the vertical, (ii) the tension in the String, and (iii) the linear velocity of the 


mass, (Ans. (i) 53°8’, (ii) 16 newton, Gii) 3-2 ms~4] 
17. A -small block of mass m 
Slides along a frictionless loop-the- 
loop (loop inside loop) track. What 
should be the ratio of the radius of 
the outer loop to radius of the inner 
‘loop so that the block may not lose 


contact at the highest point of the 
inner loop ? 


Fig. 8-8 
18. Calculate the height of the “A; 
above the surface of the earth, (Radiu 


(Ans, R:r=5: 2) 
pple’ (India’s first Stationary satellite) 
s of the earth—6400 km and g=9'8 ms~*) 

(Ans. 35:9 x108 m) 


and the stone 
(Ans. 1:06 newton) 
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20. Calculate the frequency of revolution ofelectron in a hydrogen atom 
assuming that the radius of the first Bohr orbit is 5x10- m. Mass 
of electron=9-0x 10-31 kg; charge of electron=1:6x 10-2 coulomb; 


=9x 10° SI units. (Ans. 7:2 x 101 rey/sec) 


ATE, 


21. A brass bob is suspended by an inextensible weightless String of length / 
from a peg fixed on a vertical wall. A nail is fixed in the wall at a distance d 
vertically below the point of suspension of string. The bob is then drawn to a 
position where the string becomes horizontal and it is released from there. Show 
that d must be at least -6/if the bob is to swing completely around in a circle 
centred on the nail, 

22. A point mass m starts to slide from rest from the top of a smooth solid 
sphere of radius r. Calculate the angle at which the mass flies off the sphere. If 
there is friction between the mass and sphere; does the mass fly off ata greater 
or lesser angle than this angle ? (Ans. 48° 12’; greater angle) 

23. A very small cube of mass m is placed on the inside of a conical funnel 
of semivertical angle (t/2—@). The funnel is then set in rotation. If the 
Coefficient of static friction between the cube and the funnel is u and the centre 
of the cube is at a distance r from the axis of rotation, what are the largest and 
smallest angular velocity of funnel with which it can be rotated so that the block 
will not move with respect to the funnel ? 


g / sing sing +u coso cosĝ t ie j¢/ sind —u cose _sin@ —u Cos@ _ cose 
(Ans. @maz= f ACSEE cosð — p sing”) à Omin Teosð-+n sing 
7 
24. A simple pendulum of length / is suspended in a car that is tra- 


velling with a constant speed y around a circle of radius r. If the pendulum 
undergoes. small oscillations about its; aiii position, what will its 


frequency of oscillation be ? z 
me, a EEN | 


25. A.body is suspended on a spring toniga in „a ship sailing along 
the equator with a speedy. Show that the scale reading will be very close to 


w(1 20m , where œ is the angular speed of the earth and W, is the 


reading of spring balance when.the ship is at rest... Explain the plus* or, minus 
sign. i 


(Hint : W, =mg —mo?R; W=m mg—m oR Trak when the ship is moving from 
Westi to east.] 

(Ans. Plus sign when ship is moving from eastto west and minus sign when 
ship is moving from west to’east, i.e: in the direction of fotation, of the earth 
which rotates from west to east. ) 

26. A satellite revolving in a circular equatorial orbit of radius R=2 x 104 km 
from west to east appears over a certain point at the equator every t=11:6 
hours.: Calculate the mass of the earth, The gravitational constant 
G=6'67 x 10-1 ST units. 


N, E, P,-7 


98 NUMERICAL EXAMPLES IN PHYSICS 


FSA x 
[Hint : @app=Oreat—earth OT Oreat = an( + +)! (Ans. 6x10% kg) 
J 


27. A 40 kg mass hanging at the end of a rope of length i, oscillates in a 
vertical plane with an angular amplitude of 0o. What is the tension in the rope 
when it makes an angle 0, with the vertical ? If the breaking strength of the 
rope is 80 kg, what is the maximum angular amplitude with which the mass can 
oscillate without the rope breaking ? 


[Hint : See worked out example 5.] 


[Ans. T=392 (3 cos@ —2 cos0o) N; O0= 60°) 

28. A large mass M and a small mass m hang at the two ends of a string 

passing through a smooth tube. The mass m moves around in a circular path in 

a horizontal plane. The length of the string from the mass. m to the top of 

the tube is Zand @ is the angle this length makes with the vertical. What should 
be the frequency of rotation of the mass m so that M remains stationary ? 


; 1 | Me 
[Hint : See Ex. 6.) Ans. fax Em 
29, In problem 17 if the mass m allowed to fall from a height 2R, find the 

reactions of the track on the sliding mass at the lowest point, at the highest 

point, at the mid point. Take R : r=5 : 2. (Ans. 11 mg, 5 mg, 8 mg) 
30. In the figure of problem 17 if the block starts from rest when R=5r, 
what is the reaction of the inner track on the block at the highest point ? From 


what height should it fall so that it may exert force equal to its weight on the 
track at the highest point ? (Ans. 5 mg, 3r) 


31, Due to rotation of the earth a plumb bob may no: hang along the 
earth's gravitational pull but slightly deviates from this direction. Calculate the 
deviation (a) at 45° latitiude, (b) at the poles, (s) at the equator, 


{Ans. (a) 097’, (b) 0°, (c) 0°) 
; 32, A mass m is moving inside a vertical circular track of radius R. There 
is no friction. Find the minimum speed (ymin) at which m will round the circle 
without losing contact with the track. Suppose y=:775 ymin. The mass will 


move up to certain point P where it will lose contact with i 
i the track. Find the 
angular height of the track. es is 
(Ans. +/Sg R; sin $) 


= Ifa simple pendulum of mass m is released from a horizontal position, 
find the tension in the string as function of the angle 0 with the horizontal, 


Bits : (Ans. T=3 mg sin@) 
34. A simple pendulum consists of-a heavy mass supported by a light thin 


rod. Itis aae inverted in the position of unstable equilibrium and then 
hee st Fis TAi angle defining the position of its downward fall at which the 
axial force in the rod changes from compression to tension, (Ans. 48°11’) 


35. In problem 15 if a motor cyclist i 
| prob i passes over the bridge at 1, at 
which point will the reaction become equal to zero ? S a Ean 


36, Calculate the ratio of the reacti 
eaction i i 
point to the reaction of a concave brid ME eee ae 


e at its 1 i 
30 kmph and radius of either bridge is 20 ie Arcee “Om lo D 
ns. °48 ; 
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37. A heavy particle of mass 2 kg is tied to two strings, each of length 25 
cm and they are tied to two points 30 cm apart on the same vertical line. The _ 
particle is whirled in a horizontal plane with speed 1°8 ms-. Calculate the 
ratio of the tensions of the two strings. (Ans. 9:3:1) 

38. A body is suspended by a string of length 1 mand is projected 
horizontally with velocity 4 ms~4, Calculate its tangential and radial accele- 
rations when the string rises by 60° from its initial position. 

A (Ans. 8:5 ms~?, 6'2 ms~*) 

39, A mass of ‘675 kg on frictionless table is attached to a string 
which passes through a hole in the table at the centre. If the radius of the 
circle is 5 m when the speed is 10 ms-, find the tension of the string. It 
is found that on drawing down the string by ‘2 m, the tension is increased 
4°63 times. Calculate the work done by the string on the revolving mass 
during the reduction of the radius. 7 

[Hint : Apply ‘work-energy’ theorem to find work done by the force.] 

(Ans. 135 N; 60 joules) 

40. A particle is placed inside a hemispherical bowl which rotates about its 
vertical axis with constant angular speed œ. It is just prevented from sliding 
down when the line joining it to the centre of the hemisphere is 45° with 
the vertical. The radius of the bowl is 10\/2 m. The coefficient of friction 
between the particle and the bowl is ‘5 and g=10 ms~*. Find the magnitude 


of a. 1 
(ans a, 


4i. A rigid rod of length Z but of negligible mass has a heavy mass m 
attached to its one end and it is hinged freely at the upper end. It is inverted 
and then released. What is its speed at the lowest point and what is the tension 
in the suspension at that instant ? When the same is released from horizontal 
position, at what angle from the vertical will the tension in the suspension equal 
the weight ? ; 

[Hint : Consider conservation of energy and dynamics of circular motion.) - 

(Ans. 2v gl; 5 mg, @=71°) 

42. A coppor rod 1 m longis rotated in a horizontal Plane surface about a 
vertical axis passing through its middle. What is the number of revolutions 
Per second at which this rod ruptures ? : ' $ 

Breaking stress of copper=2°9 x 108 Nm-*; density of copper=8900 kgm*. 

(Ans. 81:3) 

34. A rod of length / rotates with uniform yelocity @ about an axis perpen- 
dicular to its length and passing through its end. Calculate the force exerted 
by one-half on the other. (Ans. gio!) 


(Hint : Consider the dynamics of circular motion of an element at a distance 
x and thickness dx. Assume that Tis the tension at a distance x.] 

44. A small body is placed on the top of a smooth sphere of radius R. Then 
the sphere is imparted a constant acceleration a=ng in the horizontal direction 
and the body begins to slide down the sphere. Find : (a) the velocity of the 
body relative to the sphere at the moment of break-off, (b) the angle @, between 
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the vertical and the radius vector drawn from the centre of the sphere to the 
break-off point. Calculate 9, for n=1, that is, for a=g. 


2gR 2. 5--9n* 
(Ans, = / s ; cosĝo= eo @ = 17°) 


[Hint : Apply D’Alembert’s principle and work-energy theorem taking into 
consideration work done by real forces and inertial force.] 


45. A particle of mass m begins to slide down a fixed smooth sphere from 
the top ofits vertical diameter. Calculate its tangential acceleration, radial 


/5 
acceleration, and total acceleration when it breaks off. (ans a 83 383 ) 


46. A particle of mass m is suspended by a string of length / from a fixed 
rigid support. A sufficient horizontal velocity v= 3g! is imparted to it 
suddenly. Calculate the angle made by the string with the vertical when the 
acceleration of the particle is inclined to the string by 45°. (Ans. 90°) 

47. A man stands on a running train (speed 60 kmph) with his feet 60 cm 
apart facing forward. If the train ‘rounds a curve’ of radius 450 m in a 
counterclockwise sense, what Per cent of his weight rests on his left leg, if his 
centre of mass is 1:2 m above the floor ? (Ans. 37°4%) 


48. A stone is thrown horizontally with velocity y—10ms-1. Find the 
radius of curvature of the path in r=3 s after the motion began. Neglect air 
resistance. i 


(Ans.. R=306 m) 
000 


Tah 2 yr 


CHAPTER 9 


MOMENT OF INERTIA 


1. Moment of Inertia—The moment of inertia of a body or 
particle is its inertia for rotational motion. The moment of inertia 


of a particle of mass.m at a distance r from the axis of rotation is 
mr? and that of a body is Emr? where summation extends over ele- 


mentary particles constituting the body. 


I (moment of inertia) = Zmr* | 


ee 


Thus, 


Unit of moment of inertia : In SI the unit of moment of inertia is- 
kgm?, 

2. Radius of Gyration—Radius of gyration of a body is the dis- 
tance of the point from the axis of rotation where the whole mass, of 
the body may be supposed to be concentrated so far its moment of 
inertia is concerned. It is given by J=MK° when I=moment of 
inertia of the body, M=mass of the body and K= radius of gyration. 


Since it is a distance, its unit is metre (m). 


3. The theorem of Perpendicular Z 
Axes—If OX and OY are’ two perpendi- 
cular axes in the plane of a lamina and 
OZ is an axis normal to the plane then y 


| apse pore) 


where 7,, I, and J, are respectively 
Moment of inertia of the lamina about 
OX, OY and OZ respectively. 


Fig. 9-1 
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Fig. 9-2 


4. Theorem of Parallel 
moment of inertia of any body about any 
axis AB is equal to the moment of inertia 
of the body about an axis A’B’ passing 
through its centre of mass and parallel to 
the given axis plus the product of mass 
Of the body and square of the distance 
between the axes, i.e., 


Axes—The 


| I=h+Mh | 


5. Analogy between Translatory motion and Rotational motion— 
All the laws and formulae of translatory motion can be extended 
to rotational motion simply by replacing ‘mass’ by ‘moment of 


inertia’ and linear displacement by angular-displacement. The full 
chart of analogy between these two types of motion is given below : 
Se ES Ue ENE I Ie te O aaa 


Linear motion 


Linear displacement (x) 


Linear velocity (rut y 
Lincar acceleration 


Force = mass x acceleration 


(F=mf) 


Momentum = mass x velocity >f 


(P=m) 
Work done = Force x dis- 


placement’ 


Thr. (W=Fx) 
Kinetic energy 
=} mass x velocity? 


K= 
Power = Force x habe a g 
(P= Fy) 


Angalar motion 


Angular displacement (0) 


Angular velocity ( aw 


Angular acceleration 


ado Cae 
dt. dt? 

Torque =M. I. x angular 

} acceleration 

(z=Ta) 
Angular momentum 
=M.: I. xangular velocity 
(L=Ie) 


Work done = Torque x angu- 


lar displacement 


uk 1 (W=10) 
etic energy 


= M.I. x angular velocity? 
C (K=) 
Power = Torque X angular 
: velocity 


[bese oe AN S 
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6. Expressions for M.I. of bodies of known geometrical shape 
about axis passing through centre of mass : 


Body | Axes Moment of inertia 
} 
1. Thin rod About an axis ‘passing 
through its C.M. and perpendi- WMP 
cular to its length 
2. A rod FY, (ere 
a? 3 ints 
3. Rectangular About an axis passing pb? 
lamina through its C.M. and perpendi- i jones 
cular to its plane 12 
4. Aring | a Mr? 
5. A disc ee į Mr 
6. Spherical |- About a diameter 3 MP 
shell : 
1. Solid sphere b 3 Mr 


ma laa i 
7. Principle of conservation of angniar momentum— 


Under the. mutual.action and reaction of the components of a 
system, free from external torque, the algebraic sum of the angular 
momenta of the components of the system remains constant. For a 
system consisting of two bodies, : i 

Lo Hho = hor +0. 


8. Kinematic equations for rotational motion— 
@=O)+at 
o=o Hiat? 
o? — a," = 200. 


9. Relative angular velocity—The relative angular velocity between 

two particles rotating about a common point is 
Orel = 2 —O1- 

The relative angular velocity of a rotating particle P with respect 
to another rotating particle Q at any instant =(vg—¥1) X fg Where 
¥e=component of velocity of P perpendicular to ry, and 4 = COmpo- 
nent of velocity of Q along the same direction and r;,=distance of P 
from Q. À 3 


S 
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EXAMPLES 


Ex. 1. Calculate the radius of gyration of a thin rod and mass 
1 kg and length 100 cm about an axis passing through its centre of 
gravity and perpendicular to its length. 
Sol. For a thin rod m.i. about 


an axis passing through its C.G. 
and perpendicular to its length is, 


I=} MPE. 
For radius of gyration we have to equate 7 to MK2. 
3 MP =MR 
or * me. 
V1 


Here /=100 cm=1 m. 


1 T5 . 
Ka == 344 _ a5 m. Ans. 
va 2 


Ex. 2. A flywheel of mass 500 kg and diameter-1 m is set in 
rotation. In 5 seconds it starts ri 


otating at the rate of 20 revolutions 
per second. Calculate the torque applied. 


Sol. From theoretic: 
Considered as a hea 
through its C.G. and 

Moment of i 

Now from form: 


al point of view, sar flywheel may be 
vy disc capable of rotating about an axis passing 
Perpendicular to its plane. 


=3.500.(3)? = 590 kom?, 
ula analogous to y= u-+-ft, we have 

=8n radian sec-2, 
Torque =moment of inertia 
—500 


= 53° x 8t=157] Nm. Ans. 


C. yor) 

ami, sim». 
Linear kinetic energy =i Mp2, 
Total knetic energy =} My? 3Mv= 3 My 
Potential energy = M, i : 


8h=Mer i i 
equal to the radius of the sphere), T RNA gp thas 
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Total energy = 75 My? + Mer 
= 75 X 1x 1?+1%9-8(10 x 10-2) 
= 75-+'98=1°68 joule. Ans. 

Ex. 4. A horizontal dise rotating freely about a vertical axis 
makes 100 r.p.m. A small piece of wax 10 gm falls vertically on the 
disc and adheres to it at a distance 9 cm from the axis. If the number 
of revolutions per minute (r.p.m.) is thereby reduced to 90, calculate 
the moment of inertia of the disc. 

Sol. Angular momentum of the disc = Ja’ 

=I(2nn) (C @=2nn) 


= 00 
=].27. 7e 


Moment of inertia of wax (considered as a point) 
= mr? 
=(10 x 10-8) x (9 x 10-2)2=81 x 10-8 kgm?. 


Angular momentum of the disc and wax =(I-+-81 x 10-8).%' 
=(I+81< 10-*) x 27.29 
=3n(I-+81 x 10-9). 


From the principle of conservation of angular momentum, we have 
= =3n(I-+-81 x 10-8) 


or 107 =9I-+-729 x 10-8 
or 1=729 x 10- kgm?. Ans. 


Ex. 5. How long does a disc take to roll down an inclined 
plane of length 10 m without slipping ? Inclination of the moe with 
the horizontal =30° and acceleration due to gravity =9°8 ms~. 


Sol. When it is said that a body rolls without slipping, it means 
that its centre of mass moves forward and coyers a linear distance 
While it itself goes on rotating about a horizontal axis passing through 
its centre of mass and the instantaneous resultant velocity of its point 
of contact with the ground is zero, that is, v=or where vis the linear 
Velocity of its centre of mass and ø is its angular velocity. 
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Let the disc cover a 
distance S down the 
plane. Then it falls 
through a vertical dis- 
tance=S sino. 

Loss in ‘potential 
energy of the body 
= MgSsino. 

Gain in kinetic energy 

of the body = 1a? 4 My? 


(MK?*)o?-- 2M v2, 
where K=radius of gyration of the body 


2 
-mef ?) +M? (o e=) 
r r 
3 4M y? + 1). 
From Consideration of conservation of energy, 


2 
im(e 4 1) eka 


ee 2_ 2gSsine 
WaT 
Dra 
Let f be the effective acceleration down the plane. 
Then V=2f5 
gsino 
f= K2 
at} 


This gives the effective unifo 


tm acceleration do e 
Here, I (mii. of the disc abo iy Sata 


Ut its axis) = iMr? — MK2, 


oy fo viai, 9'8 


3 CRS 3°27 ms-2, 
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Applying S=ut-+} ft?, we have 


1024X327, or t= |e L247 s. Ans. 

Ex. 6. A man stands on a frictionless platform which is rotating 
with a speed of 1 revolution per sec., his arms outstretched and he 
holds a weight in each hand. With his hands in this position the 
total rotational inertia of the man, the weights and the platform is 6 
kgm. If by drawing in the weights the man decreases the rotational 
inertia by 2 kgm?) calculate the resulting speed of the platform and 
increase in kinetic energy. How do you account for the increase of 
kinetic energy ? Hie 

Sol. The system consisting of the man, weights and the platform 
is free from external torque and hence their angular momentum is 
Conserved, 

l œ= h @. 
I, =6 kgm? and J,—I,=2 kgm? or I,=4 kgm?. 
@, = 1 rev./sec. 
6x 1=4X0» or @= 1'5 rev:/sec. 
Increase in kinetic-energy = thos — 34017 
=x 4x (BP+-Pxoxl 
=45—3=1'5 joule. Ans. 

This increase in energy is supplied by the man, who does work 

when he pulls the parts of his body together. A 


Ex. 7, (a) Show that so far the energy of a rolling body without 
slipping is concerned it is equivalent to pure rotation with the same 
onal speed about an axis through the point of contact of the rolling 

ody. i 

(b) Show that angular momentum of a body of mass M rolling 
without slipping about any point is equal to its angular momentum 
about its centre plus the moment of momentum of the particle of the 
same mass M concentarted at its centre and moying with speed of the 
centre of mass of the body about the same point. 

So}. (a) Suppose that a disc of radius r is rolling on a surface 
With angular velocity œ about an axis through its centre of mass 
While the centre of mass is advancing with speed v. 

Then, K (kinetic energy of the rolling body)= linear kinetic 
energy +-rotational.. energy=3Mv?+$/oo" where [>=moment of 
Inertia of the body about an axis through its centre of mass 

=}Mo*r? +i ho? Cri y=or). 
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Suppose now that the body is not rolling but ‘it is simply rota- 
ting about an axis through the point of contact with the same angular 
velocity. 


Then. K (kinetic energy., of the body) = 
of inertia about this new axis. 
But 


3/0” where J=moment 


» I=Ih+Mr*, by. theorem of parallel axes. 
a; K= iMr = to? +3 Mrot. Proved, 

(e) Let us consider any point P at a distance x below the centre 

of the body, say, a disc, Suppose m is an elementary mass above 

the centre at a distance r; Then its speed (linear) =@r and its angular 


momentum about P=mor CERES angular momentum is defined 
as moment of momentum), : 


Lp (angular momentum of the body about P) 
==mar(r-+-x) = Tmo? Emory 
=olmr? + Mvemx 


Cs Vem =Z" _ Emor ) 
M M 


Fotational motion, Prove that it will rol] without slidin 
‘motion will be pure rolling when its Speed falls to Fo: 


Sol. 
W Utwr 
Vy v 
A s y (v-wr) 
ure sliding Sliding +. rolling 
Fig. 9-4 Fig. 9-5 
When motion i 


S partly sliding and Partly rolling. Ji 
8, linear speed of 
the lowest Point is yp— o> and that of the highest Point is Pf r and 
speed of centre of mass is v. e 
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Motion is reduced to pure rolling, when the linear speed of the 

lowest point is zero. 3 
The sphere will roll without sliding when 
: v—or=0 

or v=or. 

F (frictional force on the disc) =yN =yumg=ma or a=pg where 
a is the linear retardation produced by friction. 

Let the linear velocity be reduced from vș to v in ¢ seconds, 


Then V=Vo—at or tenor Was 


Considering rotational motion of the sphere we have 
Torque=u mg r=(2 mr?) a 
where a is the angular acceleration produced 


or a= BE 


ne — SHB _Yo—v 


Now from o=o tat we have o=0-++ OP 2 ng 


or a=5 WTX or or=$(v— v). 
r 

But Ors y, 

$ ve x ; 

ih =§$ (vg) or v= § Vo 


Ex. 9. Show’ that a cylinder will slip on an inclined plane if the 
Coefficient of static friction between plane and cylinder is less than 
8 tano where o is the angle of inclinarion with the horizontal. 


eratis ; 

Sol. Let.us solye the problem of Ex. 5 from consideration of 
dynamics of the body. Considering 
translational motion, we have 
R—mg coso = 0 and mg sinos F=mf.., 
Where F is the frictional force 
and R is the normal reaction. 

Considering’ rotational | motion 
about the centre of mass, we have 
Fr=I where ‘a is the angular 
acceleration. But a=f/r just as 
%=y/r when rolling ~ without 
Slipping, 
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Fraime xfir or F= yf. 
Putting the value of F, we have 
f= ig sind. 
e5 F= jg sind. 
The body will slip if F>Fum. But Fum=vR=nmgcosd. 


The body will slip if àmgsino > wing cos OT u< jtand. 
Proved. 


Ex. 10. Show that if a body rolls without slipping along a 
horizontal plane with velocity vc and reaches a plane inclined at 0 


with the horizontal, the velocity with which tt starts up the inclined 


plane is Yo (: - i ) Suppose that there is sufficient friction 
ati 


to prevent slipping. 
Sol. Suppose that just before impact A is the instantaneous point 
of contact and B is the point 
v where it touches the plane 
immediately after 4A. When 
the body strikes the plane, it 
(the plane) exerts a very large 
force F on the body. If we 
take B as a ‘moment centre’, 
Fig. 9-10 the moment of this. external 
force is zero and so we may 
apply conservation of angular momentum about B. - 
Angular momentum of the body before impact about 
B=Io+mv¢ r cosð (remembering that moment of momentum is also 
angular momentum) 


=mk*"S +-mycrooso Ct Ye=ar) 


where k is the radius of gyration. i 
Angular momentum about B after impact=mvo' r+-Io' 


=myor pmke e = mre E+ 1). 
r r? 


2 
mie -+ myorcosð = MY" (E $ 1) 
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(£ cose 

: Yo\ = 1— cos 

or i E 15 E ) Proved 
= = 


~ Ex. 11. Two particles P and Q are rotating in the anticlockwise 
direction about a common centre O in circles of radii 2m and 5 m with 

near speeds 63 m/s and 21 m/s respectively. Calculate the relative 
lar velocity with reference to the common centre O. What is 
imum angular velocity of P relative to Q in the clockwise direction 
nd that in the anticlockwise direction ? ; 


Sol. The angular velocity of P about O=88=31'5 rad/s 
{ The angular velocity of Q about O =34=4:2 rad/s. 

Relative angular velocity about O= 315-42 

7 =273 rad/s. Ans: 

When the two particles come on the same radial line and are on 
same side of the common centre O, the maximum relative velo- 
of P at right angles to the line PQ is 63—21=42 m/s and its 
‘moment about Q is clockwise. ; 
Maximum relative angular velocity in the clockwise direction 


=h 14 rad/s. Ans. 
When the two particles come on the same radial line and are on 
the opposite side of the common centre O, then the maximum rela- 
“tive velocity is 63 +21 =84 m/s and its moment about Q is anticlock- 


EXERCISES 
(A) 


$ ; 1. A sphere of mass 10 kg and diameter 10 cm rolls without slipping with a 
) = “velocity of 50 cm per second, Calculate its total kinetic energy. (Ans. 1°75 joule) 
| < 2. Calculate the moment of inertia of a cylinder of length 150 cm and radius 
$ 


5 cm and density 8x 10° kgm— about the axis of the cylinder. 
\ (Ans. ‘1178 kgm?) 
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3. A uniform rod rotates in a horizontal plane about an axis perpendicular 
to its length and passing through one extreme end of it. Calculate moment of 
inertia and kinetic energy of the rod if its leng this 3m, its mass 6 kg and 
angular velocity 20 radians per second. (Ans. 18 kgm?; 3600 joule) 

4. A sphere starting from rest rolls for 5-3 second without slipping along a 
smooth plane I m in length of which the upper end is raised by 1 cm above the 
lower end, Find the acceleration due to gravity. (Ans. 9:97 ms-*) 

5. A couple 10 Nm is applied toa flywheel ofmas 10 kg and radius 50 cm. 
What is the resulting acceleration ?. For how many seconds) the couple must be 
applied and then removed to Produce 100 rpm (reyolutions per minute in the 
wheel ? (Ans, 8 rads~2; 1'3 s) 

6. If the earth suddenly contracts to half of its present radius without losing 
any mass, how many hours will there be in a day ? 

[Hint : Apply the principle of conservation of angular momentum.) 

(Ans. 6 hours) 

7. Asphere, a disc and a ring of the same mass and radius are allowed to 
roll down an inclined plane from the same height without slipping. Prove that 
the sphere’reaches down first, the disc the next and the ring the last. 

8. A flywheel of'mass 5 kg and radius 10 cm rolls down a plane inclined at 
30° to the horizontal. It rolls from rest through 100 cm in 10 s. Neglecting 
friction find (a) the kinetic energy of the flywheel at the end of 10's, (b) the 


moment of inertia of the flywheel about its axis. [Ans. (a) 24°5 J; (b) 12:2 kgm?] ` 


9. Two point masses m, and m, are joined by a weightless rod of length r. 
Calculate the moment of inertia of the system about an axis passing through its 
centre of mass and perpendicular to the rod, 


[Hint : Centre of mass is the point which divides r in the inverse ratio of 


ri ; m,m. \ 
the masses i.e. sie and Prd n 3 
iF ach: 2 J o (ans. mem”) 


10- X thin uniform rod AB of mass m and length Ti is hinged at one end to 
the level floor and stands vertically. If it is allowed to fall, with what angular 


velocity will it strike the floor ? eee ; ( saad. dt 3g ) 


11. A hoop of radius 3m weighs 150 kg. It rolls along:a horizontal floor so 
that its centre of mass has a speed of 15 cm/sec. How much work has to be 
done to stop it ? 

[Hint : A hoop is a ring.) ~~ 7 (Ans. 3:375 J) 

12. A sphere rolls up an inclined, plane of inclination angle 30°, At the 
bottom of the inclined plane the centre of mass of the sphere has a translational 
speed of 5. ms-?. (a) How far does the sphere trayel up the plane 2.(b) How long 
does it take to return to the bottom ? , (Ans. 3°57 m; 2°8 $) 

, 13. A student sits on a stool that is free to rotate about a vertical axis. He 
holds his arms extended horizontally with 4 kg weight in each hand. The stool 
is set in rotation with angular speed of ‘5 revolution per second. Calculate the 
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angefaex- speed of the student when he pulls his hands to his sides, assuming 
that ær raa length ofistudent is. 90 cm and his rotational inertia is 7 kgm?. 
_ [EZzžzzz :Use conservation principle.] (Ans. ‘96 revolution per second) 
14@- A. solid sphere, of 1 kgreaches the bottom. of an inclined plane after 
lias ~ithout slipping over a horizontal plane with velocity of 20 ms-. The 
india tion of the plane with the horizontal is 30°, What is the velocity of the 
conte “<S>f mass of the sphere immediately after it starts moving up thé plane ? 
Up t@ what distance along the plane will it’tise ? Assume sufficient friction to 


pever t slipping. (Ans. 18 ms; 46°m) 


(B) 

15- A thin uniform rod of mass ‘m and length I, pivoted freely at its base, 
is allowed to fall from a vertical position. Calculate its angular velocity and 
accelera tion when it has turned through 60°. ° 

E¥#ree : Find loss in potential energy and equate it to gain in kinetic energy.) 


: 3g, 33g 
2 (om. Jai ae) 


l6- WVVhat must be the relation between length and radius of a cylinder of 
sivem maass and density so that its moment of inertia about an axis through its 
centre <f mass and perpendicular to its length may be minium ? ; 
A TEA (Ans. 4/3 : +/2) 
3 17- A circular disc is of mass M and radius r.. From it a circular piece is cut 
Out\vitE2 radius of disc as its diameter. Find moment of inertia of the remain- 
der abet the axis of the disc. i Ore (Ans, 13/32 Mr?) 

1$- Æ string is wrapped around a cylinder of mass M and radius r.: The string 
i plied ; verticaily upward to Preyent the centre of mass from, falling as the 
liner _ unwinds the s tring, (a) What is the tension in the string ? (b) How 
much vrk has been done on the cylinder once it has reached’ an angular speed 
0? (c) WWhatis the length of string unwound in the time it acquires angular 
Seed a> 2 ` : 

[MárzzZ = From consideration of linear motion of cylinaer, T-Mg=0. Work 


ONE ‘ 1 1 yg 
done— Cin in kinetic energy.] (Ans Mg; F Mr*w?; P F ) 


‘19. A Small sphere of mass m and radius r rolls without slipping on the 
inside <>£ = large hemisphere of radius R whose axis of symmetry is vertical. It 
Starts at the top from rest. What is the kinetic energy of the.small sphere at 
the bot tm ? What fraction is rotational and what translational ? What normal 
force <>< the small sphere exert on the hemisphere at the bottom ? 


(Heret = Consider circular motion of centre of mass at the bottom to calculate 
iom t Action. For others consider conservation of energy.] 

[Ans. mg (R—r); 3; 9; 47 mg] 

A» billiard ballis struck by a cue when it starts moving with velocity y, 


Withoest = olling. ` How far will the ball move before it ceases to slide on the 
tible jf pe 25 the coefficient of friction between ball and the table ? 


ONB, pr Y-8 
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anns x 12 A 
[Hint : See. Ex.8.).5 ca ip riis (ars 75 ig ) 


2i Explainiwhy the cushion of a billiard fable is made to receive the impact 
of the billiard Ball at a height of 07 d where d is the diameter of the ball. 


_, [Hint - A billiard. ball is a sphere rolling without slipping, on the table. A 

orlling body without, slipping is equivalent to & purely rotating body rotating 
about the line of contact. Therefore, there is gradation of speed from point of 
contact to the top, it is being zero at the lowest point and odat the top. The 
resultant of all such velocities is z od? acting at a point gd or 0°7d above the 
pt. of contact.] 

22. A right circular cylinder of radius r and mass mis, suspended by a cord 
that is wound around its surface. ; If it is allowed to fall, prove that its centre 
of gravity will follow a vertical rectilinear path and find the acceleration along 
this path. Determine also that tensile force in the cord, , (Ans. 2 g; 4 mg) 


23. The mass of the earth is increasing at the rate 1 part in ‘5x101 per day 
by the accretion of meteors falling normally upon the earth’s surface. Find the 
corresponding rate of change of the period of rotation of the earth supposing 
earth to be a sphere of uniform density. ` 

(Hint : Consider the deposit as a spherical shell and apply principle of conser- 
vation of angular momentum.] (Ans. 8x107" hour per day) 

24. A metre stick of length 7 and mass M lies on a frictionless table. The 
stick is free to move in any way on the table. A hockey ball of mass m moving 
perpendicularly to the stick with speed y collides elastically with the stick at 
one end. What must be the mass of the ball so that it remains at rest immedi- 
ately after the collision ? 

[Hint : ‘Elastic collision’ means that kinetic energy is conserved in the 
process. Consider conservation of kinetic energy, conservation of angular 
momentum and linear momentum, i.e., ` 


4mvt=4My!?--4o?, my4-=To, my=My'’. 


Eliminate y’? and œ? from the first with the help of the other two. Use the 
expression J=1/12 MI*.] i (Ans. M/4) 

25. A long light thread is wound partly around a circular cylinder of 
radius r and mass m and partly on a similar cylinder but free to turn about 2 
fixed axis. The movable one is allowed to fall from rest. Find the velocity of 
the falling cylinder as a function of the height A through which it has fallen. 
Does the cylinder fall without slipping ? 3 


: (Ans. v=y 8/5 gh); No, it falls with slipping) 

26. A timber of mass m rests, on two rollers, each of mass m/2 and radius /, 

and is pulled along a horizontal plane by a force P. Assuming there is no 

slipping and treating the rollers as right circular cylinders, find the acceleration 
of the timber. ‘ 5 AA 

3 (ans a ) 


tl’: m 
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27- Show that in order to get a billiard ball to roll without sliding from the 
start Fre cue must hit the ball not at the centre (that is, a height above the table 
equal to the ball’s radius R) but exactly at a height 2R above-the centre, 


[Z7 Zzzz : Consider linear motion and angular motion of the ball. Apply the 
conci tiOn for rolling without sliding. F=ma and t=FXh=2mR* xa. Condition 
tolir æ without silding is a=aR.] 

‘Z&. Two masses 500 gmand-460 gin are suspended from the ends 6f a light 
stiras >assing over a frictionless heavy pulley of radius .5 cm, -When released 
ftom 2st the heavier mass is observed to fall 75 cm in 5s. What is the rotational 
inertia of the pulley? (Hint: When the pulley is heavy the tensions on the 
Wo Ses are different.) (Ans. 1°39 10-® kgm?) 


_ 2S- A solid cylinder of weight 20 kg and radius 7:5 cm is placed.on an 
incliza<=<J plane haying inclination 30° to the horizontal. A light thin tape is 
 worra<d around ‘the cylinder and is taken tangentially from the upper surface 
pataif<E to the plane and finally attached toa 5 kg body after passing over a 
light ssxxaooth pulley. Find the tension in the tape and linear acteleration of the 
cylixacir up the plane, assuming no slip. (Ans. 49 N; 0) 
3@- A point Ais located on the rim of a wheel of radius R which rolls 
witta>e2t slipping along a horizontal surface with velocity V. Find the total dis- 
tance traversed by the point A between successive moments at which it touches 
the surr Face. (Ans. 8 R) 


SÆ- -A plank of mass m, with a sphere of mass m, on it rests on a smooth 
hori=<>21al surface. A constant horizontal {force F is applied to the plank. 
With ~wzhat acceleration will the Plank and the centre of the sphere. move 
prow Ed there is sliding between the plank and the sphere ? 


‘a A ARSAL 2F 
re Tm, +2m,’. 7m, +2m, 


CHAPTER 10 
‘SIMPLE HARMONIC MOTION 


1. Definition and equation of simple harmonic motion (S.H.M.) : 

The simple harmonic motion is defined as the motion in which 
acceleration is always directed towards a fixed point in the path of 
motion and is proportional to the displacement from that fixed 
point. 

Suppose x=displacement of the body at any time t from that 
point to which acceleration is always directed. 


“Then hie (velocity of the body at time t) and as =accelera- 
tion of it at that very time t. 
Motion is simple harmonic when ms ox 


a 
dt? 
S.H.M. in the differential form. The’ solution of this equation is 
(see author’s Introductory Physics Part I, Ch. 7) 


or =—px where p is a constant. This is equation of 


x=asin(ot-++«) where a= 2 =u. 


Here a is the peak value of x and is called the amplitude of 
simple harmonic motion and œ is called the cyclic frequency. 

The constant a determines the initial ‘state of motion’ of the 
particle. The ‘state of motion’ of a particle is called phase. Thus 
a determines initial phase of the particle. This is called ‘epoch’. 
The value of epoch depends on the instant from which we reckon 
time. If we reckon time when the particle is at its mean position 
then x=0 at t=0. 3 t 

0=asin(w.0+0) or sina=0 or a=0, 

Thus epoch is zero if we reckon time from the instant when the 
particle passes through its mean position. In this case displacement 
at any instant is given by x=asinot. 


2. Velocity of S. H. M. : We have, x=a sin(ot +a) 


and y -#. 
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DA y =4aocos(@t-+-a) = <ncostot 2) where Vy=a0, maximum 
GCEzy of particle in S. H. M 


WV hen the particle -is timed..with mean position as explained 
vo. v=dacosat 


or v=0 a? — x2 
Acceleration of S. H. M. : We have, f =? 


v =aocos(ot +0) 
- f=aa.f —osin(ot-+a)} = —ao*sin(ot +a). 
s When the particle is timed with mean position, 


J= —40'sinot = —fsinot where fy=aa°, maximum, felis of 
eleration of S. H. M. Pa x= asin(at--a). iE a 


z + f= = =0?x. 
_ @. Energy of S. H. M.: D Kinetic energy of S. H. M. at time t 
; =K=}m? = }ma’e*cos*(ot +a) = 4mo*(a? — x?). 


GD Potential energy ‘at time t=work done in displacing the 
icle through x. 


INTO v, force on the particle when displacement is z 
= mass x acceleration 
` =mX(—@z) © 
= —mo*z; 
elena Sra tary work done in‘displacing through dz = =matzdz, 


Bes. Work done in displacing throught rf ma*zdz 


nale ime 


N S Po U, potential energy at time t= }mo%x? = 1mo?a?sin? (ot +a). 
- Total energy at time t 
= }mo*a°cos?(wt +a) + 3mo%a*sin*(ot +0) 
= $ma’o*. 


| GRU, energy of a particle in S.H.M. = }ma’o? iE J). 
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EXAMPLES 


Ex, 1. A particle executes simple harmonic motion of period 
16 s. Two seconds later after it passes through the centre of 
oscillation its velocity is found to be 2 ms. Find the amplitude. 

Sol. Obviously the particle is timed with the mean position. 

Hence we may take, x=a sinot and v=am cos ot. - 


Here, t= 22. ms” and T=16 s; 
on 2n 
2 4. 7.c08 Aa 
ORAE TR 164/2 _ 16x 1:414 
or 2=-008 3 or E n on aar anA Ans 


Ex. 2. A body executing S. H. M. has an amplitude of 10 cm 
and its time period is 1'5 s. Calculate the time.taken by the body to 
travel a distance 543 cm from its rest position. 


Sol. Wehave, = x= a sin at. 
£ 5/3=10 sin Eo 
i grantii A3 an 
or ef Te L WS Oke 
in sinf x 


(Note : It is to be noted here that it sul be absolutely. wrong to 


write eas as, sin 60° because angle must bein radian,] . 


Ex 3. A spring of force constant k and negligible’ mass is 
attached. to a rigid mass m.at one end and clamped to a strong 
support at the other end. The mass is. displaced a little and then 
released. Show that the body. executes simple harmonie-motion and 
calculate its time period. If the spring is cut into three equal pieces 
and the same body is supported by one such piece in.a similar way, 
how many times time period will be increased or decreased ? 


Sol. Method I. ‘Force constant’ of a spring is the force called 
into play per unit change of its length. 


a 
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ws suppose that x is the displacement of the body at any 
a ‘ i i : 


zn force called into play=kx. This force is opposite to ue 
Force=—kx in the +-ve direction. { 


—= have, Force = mass x acceleration 


d*x 
—kx=mx We 
ax ole aa 
is ney 
dt? m 
dx ee cite é rete) aay 
~ ae OO * ‘Hence motion is simple harmonic. In simple 
<> zic motion we have - dap ede ahi eds rae 
‘S= f (acceleration) = oxx (Gisplacement). ae ee 
Here, ant : viding 
phe m a $ 
A ani A US Sees 
== ra m A yi [E. fps GE 
i z f =. 3f Hii 
<2 T=2n of or f= 2 ae 
tt} | 
xe constant’ is inversely p ortional to the length of the 
E Hence, force constant (k’ Bi each piece wi il be three times 
íf FOr oaa of original ibe i a 


=3k 
Lz na i m 
pera, eT AER: 
er ee yi | 
EE 
Ææ race time period is reduced 4/6 times. Ans. 


W maethol U. (From energy consideration) : The ul energy of the 
; (spring +-body) is . 


XT’ 


> B= tiny 2k. 
Bs dy oe 
ay O= sve Fe Tie 
(7 Eisa constant) 
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or mv kxv E =) 
or oe k -Ey (- fr oe 


Hence motion is simple harmonic and 
ot koe Poon, | 
m k 


Ex. 4. A uniform U-tube contains a very little mobile liquid 
to a height of 50 cm in each limb. If the liquidin one limb is depres- 
sed and then released, find the period of oscillation of the liquid in 
the tube, 

Sol. Let the depression of the liquid level be x at time t. 

Then difference of levels in the two limbs =2x, 

Pressure due to this difference of levels—2x pg. 


Thrust on the liquid =area x pressure= A x 2xpg=2Axpg. 


This force acts on the liquid inj the direc- 
tion opposite to displacement, 


-2Axpg= (4x 2p) = 


dx 


pi EE. 
me 


dx 
OF = ex: 
dt? 
Hence motion is $. H, M. 
In simple harmonic motion we haye 


J= x. 
Here, w= g/l. 


T=% =% Bide. =1°42 sec. Ans. 
g 9'8 


al 
-e 


-_ 
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EXERCISES 
(A) 


F W. A particle moves with simple harmonic motion; if the velocities at 
distæxra ccs of 4 cm and 5 cm from the centre are 13 cm per second and 5 cm per 


SEO respectively, find the, period and amplitude. 


© ZZ Eni : Use the formula v=0y a? —x?.] (Ans. 1:57 sec, 5'15 cm) 
Z. A point describes simple harmonic «motion in a ‘line 4 cm long. The 
Vel <>< ty when passing through the centre of the line is 12 cm per second. Find 


the Period. 


| € Aen: Use the formula v=aV/a—x*] (Ans, 1:047 sec) 


: Æ. A particle is moving with simple harmonic motion in a st. line. When the 
dis tær Ces of the particle, from the equilibrium positions are x, and x, the ‘corres- 
poxa rag velocities are u, and u,. Find the period of the motion. 


| ae mesa | 


<— ‘The maximum velocity of a body undergoing S.H.M. is ‘04 ms—* and its 


acc ES ation at 02 m from the mean position is ‘06 ms~*. Find its amplitude and 


pea << of vibration. : 

EZZ Fat. : Use vm —aw and f=o%x numerically,) (Ams, 2:31 x107 m; 3:63 s) 

s_ A test tube of weight 5°6 gm and external diameter 2°5 cm is floated verti- 
catis == water by placing 10-4 gm of mercury at the bottom of the tube. The 
we == depressed by a small amount and then released. Find the time of oscilla- 
tioa - (Ans. *36 $) 
Ss. A metal cylinder of length 15 cm and density 8 gm per c.c. floats upright 
in mx Cury of density 13°6 gm per c.c. It is set into vertical oscillations; find the 


period of oscillation. (Ans, *6 s) 


y A A body of mass 10 gm executes S.H.M. with amplitude 2x10-* m and 
tina ><riod 2s. Calculate the energy of the particle, (Ans. 1:974x 10-5 J) 


s5- A spring balance scale reading from 0 to 15kgis 10 cm long. A body 


: susp Eerded from the spring is found to oscillate vertically witha frequency of 2 


osqoa tE tions per second, How much does the body weigh ? (Ans. 9°3 kg) 

<. ‘When displacement is one-half the amplitude, what fraction of the total 

en = = is kinetic and what fraction is potential ? At what displacement is the 
nex half kinetic and half potential ? a 

(ass. Bb yr) 


(B) 


4.@- A Particle moves with equation f+4x=0, where x is its instantaneous 
ie tt and finstantaneous acceleration. The maximum value of x is 
3 >< #2 m. How much time the particle will take to move from x="02 m to 
-O2m? (Ans, °157 s) 


— 
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11. Assuming atoms of a solid of atomic weight 24 as harmonic oscillators of 
frequency 3x 1015 Hz, calculate amplitude of vibration of the atoms if the energy 
of a kg mole of the solid is 1-7 x 104 joule. (Ans. 2x 10-25 m) 

12. The balance wheel of a watch vibrates with an angular amplitude x 
radians and a period of ‘5s. Find (a) the maximum angular speed of the wheel, 


ey. T ; (o 
(b) the angular speed of the wheel when its displacement is radians and (c) 


the angular acceleration of the wheel when its displacement is + radians. 


(Hint : Use formulae of linear S.H.M. for this angular S.H.M. of the wheel.] 
(Ans. 39*5 radian/sec; 34°2 radian/sec; 124 radian/sec*) 
„ 13. A block is ona piston which is moving vertically with simple harmonic 
motion of period 1s. At what amplitude of motion will the block and the piston 
Separate ? If the piston has an amplitude of ‘05 m, what is the maximum 
frequency for which the block and piston will be in contact continuously ? 
[Hint : The block and piston will separate when acceleration of Piston= 
acceleration due to gravity.) (Ans. -25 m; 2°23) 
14. A36 kg block is suspended from a spring of force constant 540. Nm-'. A 
bullet weighing 45 gm is fired into the block from below with vleocity of 180 
me and comes to restin the blòck. (a) Find the amplitude of the resulting 
simple harmonic motion. (b) What fraction of the original kinetic energy of the 
bullet is stored in the siniple harmonic motion ? f 
{Hint : Apply conservation ‘of momentum and conservation of energy to 
find the upper extreme Position, The amplitude’ of an S.H.M. is the distance 
betiveen ‘thé equilibrium position and one of the extreme positions.) 
; j 2 a aire hi 8 at (Aus. “183 m; 012) 
_ 15. Two springs of forée constanis k, and K, are joined together and the 
combination is attached to a mass fm’ resting on a frictionless table at one end 


and the other end js clamped to a fixed support. Show that the frequency of 
= 2 or a En! 


PES): S A ky ka 
oscillat: BEd af eee ha ae 

lation of mass is f: ay (ECRM ariba anelad 

[Hint ,: Let the mass be displaced by x and the oth 
by x’, Then mf= ky (xx). Considering the first, s 
single system we have mf= sk, x!) 

16. Two springs of force constants k, 
sides of a cube Of mass ‘m resting on a 
supports at their other end. Show that 


er end of the second spring 
pring- and. the mass as a 


and ky areattactied to the two opposite 
frictionless table and clamped to two 
if the cube is displaced a little it will 


execute simple harmonic motion of frequency given by f= Piaf i 
T 


17. A point of mass m is suspended at the end of a massless wire of length / 
and cross-section 4. If Y is the Young’s modulus for the wire, obtain the 
frequency of oscillation for the simple harmonic motion along the vertical line. 


[Hint : If x is the displacement of mass m from equilibrium position then 
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—_ Stress FJA YAx 7 : 
O Sn ei 8 Fa] and this force acts opposite to x. Now proceed as 


/ 1 YA 
n. Tr a) mi ) 


== S_ Two mass m, and m, are suspended together by a massless spring of force 
Orasta k. When the masses are in equilibrium m, is removed without distur- 
bixa tho system. Find the angular frequency and amplitude of oscillation. 


(I. I. T. 1981) (Ans. a x ze) 


Æ ©. An ideal gas is enclosed in a horizontal cylindrical container having @ 
mec y moving piston of mass M. The piston and the. cylinder have equal cross- 
secti onal area A, Atmospheric pressure is pọ and when the piston is in equili- 

bæ āra, the volume of the gas is V, The piston is now displaced slightly from 
its Sauilibrium position, Assuming that the system is completely isolated from its 
staw r Cundings, show that the piston executes simple harmonic motion and find 
tha Frequency of oscillation. 


Tin ex ample 3) 


s Y Pet 
F Wint : Use the relation pV =a constant for an ideal gas.) 
3 


. _ 1 /Yp4* 
2 x (ans F tee) 


=p. If the mass of a spring im is not negligible but small compared to the 
poass M suspended from it, show that the period of oscillation is given by 


t 
oaa y / (+5) / k where k is the force constant of the spring. 
y i 


{Hint : If x is the instantaneous displacement of the lower end; then displace- 


5. XZ : k 
Aa of an element at a distance z from the fixed end is. > and its velocity 


ee OX: 
=a 
zal ded fay 
The kinetic energy of the spring= AG ae\(F- T) =tm( 4 
zed i 7 
1 {dx as E ce , 
Total cam F M| = i+ kxe 
otal energy of the system="6-™"\ gy +35 de. 
=a constant. 


Differentiate and find T.] 


21. A cylinder is attached to a light horizontal spring so that it can roll - 
«=~ ithout slipping along the horizontal surface. The mass of the cylinder is m and 
+e force constant of the spring is k. Show that the cylinder executes $.H.M. 


swith period T=20 J m 


E> ENa i ; 
(Hint : y kettim T) + plata constant. Differentiate and find T.J 
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22. A point is moving in S.H.M. abouta fixed point O. Its distance from O 
at a certain time is 1 cm and 1 second later «its distance from Ois $ cm. After 
yet another second its distance is again 5 cm. Find the time of a complete 
oscillation, Qn 

; (Avs. T= ) 


cos~* 8 
23. A plank rests symmetrically on two cylinders ‘27’ distance apart and rota- 
ting with uniform speed in opposite directions. If the plank is displaced a little 
and then released, show that the motion of the Plank is simple harmonic. Calcu- 
late the period of oscillations of the plank. The coefficient of friction between 
the plank and either cylinder is p. (Ans. T=2nv/ijng) 
24. A horizontal disc is oscillating in its own plane harmonically with ampli- 
tude ‘a’ and period T. A body placed on the disc is about to slip on it. What 
is the coefficient of friction between. the disc and the body ? (Ans. 1=4n*a/T*g) 


25.: A body of mass m falls from a height 4 on to the Pan of mass M of a 
Spring balance. The force constant of the spring is k. Having ‘n? to the pan the 


aps PRF 
omg Uh /M+m 

(Ans. a= J/ atte ; 72x j X ) 

26. A particle executes S.H.M. with period T about a point O, It passes 


through a point P with velocity V along OP. Show that the ti 
gh a po A f me that. elapse 
when it again comes to P is given by t Aa w 


i f } 
T.V 
i BOR Sisi § 
27. Two particles are in S.H.M. of same ampli 
H.M. plitude and frequency along the 
‘same line about the same Point. If the maximum Separation between them is V3 


fimes their amplitude, what is the phase difference bétwéen ther 2 (Ans F) 


T 
=— tan 
i T 


Aruja 


CHAPTER H- 
GRAVITATION - 


1. Newton’s law of Gravitation : (i) Material bodies attract each 
other, 


(ii) The force of attraction between two point masses is propor- — 
tional to the product of the masses and inversely proportional to the 
square of the distance between them. 


Thus, F=G a where Gis a universal constant called 


Gravitational constant. 

Value of G in SI= 6'6 x 10-"Nm?kg~. 

2. Relation of g and G: Consider a body of mass ‘m’ on the 
surface of the earth. 


Force of attraction on the body by the earth = OM y 


where M = mass of the earth and R=radius of the earth. 
If.g is the acceleration due to gravity, then from the’ formula 


force = mass x acceleration, we have mg= sl 
GM 
or Bitar x 


3. Gravitational field and potential: (i) The force of attraction 
experienced by a unit masé/at‘a point is called intensity of gravita- 
tional field at that point. Unit of field is newton per kilogramme 
(Nkg™). 

(ii) The work done in bringing unit mass from infinity up to a 
point in a gravitational field by an external agent is called gravita- 
tional potential of the field at that point. Gravitational potential 
at a point is essentially negative because work is done by the force 
itself. Unit of gravitational potential is joule per] kilogramme (Jkg~). 

4. Relation of field (g) and potential (V) at a point: The relation 
between field (g) and potential (V) at a point is. 


dv 


dx 
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Body Position of point Potential Field 
1A point Anywhere at -a dis- _ Gm _ Gm 
of mass (m) tance r from mass r rè 
2. A sphe- (i) Point lying out- a 
rical shell of | side at a distance ‘7’ from _GM _ GM 
mass M and | the centre of the shell Op pe 
radiusa ` 
(ü) Point lying inside 
the shell at a distance r GM Zero 
» from the centre of the E Sa 
shell E 
3. A solid „ (i) Point lying out- 
Sphere of mass | side at a distance r from GM GM 
M and radius | the centre EEPE REA 
a 
ED goo 
(ii) Point lying inside 
5 the sphere at a distancer _ GM (3a? — r?) — oe r 
from its centre 203.. a 


5. Velocity of escape : If a body is imparted sufficient velocity 
so that it can do work a 


gainst the force of attraction of the earth 
from its surface right up to infinity, it will never return to the earth. 
This velocity is called the velocity of escape. 

The work done from the surface up to infinity per unit mass is 
defined as potential of the surface. Hence potential of the surface 
gives us the value of work to be done per unit mass in carrying it 
(that unit mass) from the surface up to infinity. Now, potential of 


the surface of a sphere (considering earth as a sphere) = GM 


Hence work to be done per unit mass from the surface up to 


infinity = ot, 


Let _m=mass of the body. 


Work to be done by the body to escape = GM., 


Let v=velocity of escape, 
then kinetic energy of the body= 1m, 
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For escape we have, Anime 

or v k 
: GM ap 

Since g= Re? i RENAR: 


6. Satellite : Satellite is a body projected horizontally at a 
certain height above the surface of a planet so that it may go round — 
the planet constantly. 

Suppose m=mass of the satellite, 


y=velocity with which it is to be projected horizontally 
at a height ‘h’ above the surface of the planet, 


R=radius of the planet and M=its mass. 


Here the centripetal force necessary for circular. motion of 


satellite is provided by gravitational pull ie. RT : 
Therefore, from consideration of circular motion, we have 
GmM. _ m? 
(REA) (R+A) 
or y= CM 
(R+h) 
This is called the orbital velocity of the satellite. 
Since y=or, 
here y=a(R+h) 
US Re waa sy (R+h) te 22) 
® Reh or E he oF 
(R+A) | 
or pit yf ESTEE 
T= 2n(R+h)\] “ong 
; om. i 
Since s=’ 


T=2r Tao 
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EXAMPLES 


Ex. l. Calculate the mass of the sun, given that the distance 
between the sun and the earth is V5x10%m and G=6°66x10-" ST 
units and take a year =365 days. 


Sol. Centripetal force =Gravitational pull= eee where M= 


mass of the sun, m=mass of the earth and d=distance between the 
earth and the sun. 
But centripetal force= mod. 


q= CMM 
mod E 
G 
3 sod AT) aatat 
G GE ERG 

Here T=time of revolution of earth round the sun 

=365 x 24 x 3600 s $ 

4: (ļ- 11)\3 

M mE SE =1-97x 10% kg, Ans. 


© B6SX 24K 3600)? x 6-66 x 10> 


Ex. 2. Calculate the speed of projection necessary to send a 
body right out of the field of the earth's gravitational attraction. 
G=6'63 x 10-4! newton metre? kg 
Mass of the earth= 5:97 x 104 kg 
Radius of the earth=6°37 x 108 m. 
Sol. Work to be done by a body of unit mass to go right out of 
the gravitational field of the earth ~ 
= potential of the surface'of the earth 
GM p 
NARA ; 
Let v be the required velocity. 
Then kinetic energy acquired by the body=3.1.y?= 1ye, 
To enable the body to escape we must have 


T. y= GM 
2 R 
a v=,/ 2GM__ fe X663 Xx 1071x 5'97 x 1024 
R 6°37 x 108 


or v= 112 104 ms“. 
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Ex. 3. 4 body is projected vertically upwards from the surface 
of the earth with an initial velocity v. Show that it will go up to a 


wR 


IR and hence deduce the expression for ; 


height h given by h= 


escape velocity. 
` Sol. Let us consider a body of unit mass. 
Kinetic energy of the body = iy, 


Potential energy of the body at the surface of the earth= SM, 


Potential energy of the body at a height n=. 


le 3 A SANN: GMA 
:, Difference in potential energy = oM( x as} ded RETH 
Now, work done =difference in potential energy. : 


Work is done at the cost of kinetic energy imparted to it, 


1 p OMh 
2 R(R+h) 
GM 
But g=- RE 
1 p _gRth 2 Rh 
3 = RRM RED 
r aie) ts 
or yR+-vh=2gRh, or h= RF i 


For h to be infinity, we have 2gR— v=0 
or y= VHR. 
Ex. 4. Calculate acceleration due to gravity on the surface of the 
earth from the following data. 
G=6'6 x 10-1 Nm? kg? 
Mean density of the earth=5X 10% kgm-* 
Radius of the earth=6'4x 10° m. 


Sol. We have, 2=-— 


N. E, PHY.-9 
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Taking earth as a perfect sphere, 


M= Ar Ra, 


= 
2 


G 4 An 
2O AR pa ar 
a yo 5 ORP 


paxes x 10-1 x 6°4 x 108 x 5.x 108 


=4n x 2'2x 6:45 x/1072=8°85 ms-?.. Ans. 


Ex. 5. With what horizontal velocity must a satellite be projected 
at 150 km above the surface of the earth so that it will haye a circular 
orbit about the earth? What will be the period of rotation of the 
satellite? Radius of the earth=6400 km and acceleration due to 
gravity=9°8 ms~’, 


Sol. From consideration of circular motion, we have 


ConttipetaP foree Gravitationat pans CMe =m: 
pé! e = Gra onal pu RIR RA 
SHGM -GM 
v= RIAS But g= E 
AERA 98X (64x10 
R+h (6°4 x 1064015x 10°) 
or pa /USXO4x1O® i [98x 6-4? x 16° 
6°55 x 108 ease 
=7°83.x'108 ms-}. 
Now, v=or. 


783x 10°= 2 (64x 108 4-0°15 x 109) 


In 655 i ; 
TARREI XIV" DR 655 X10" 52 oh ; 


783 x 108 783 
= | hour 27 minutes 35 s. Ans, 


Ex. 6. Calculate the binding energy of the earth-sun system. Mass 
of the earth=6 x 10*4 kg, mass of the sun=2x10% kg and distance 
between the earth and the sun=1'5 10" m and gravitational constant 
=6°6 x 10-1! Nm? kg. 
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Sol. The work done in bringing two or more than two bodies 
from infinite separation up to the present configuration is the poten- 
tial energy of the system. We know that the potential at a point is 
the work done per unit mass in bringing it from infinity up to the 
point. Therefore, if there are two point masses My and m separated 
by a distance rj, then potential at the position of Mə due to 

Gmm, 


m= and potential energy of the two-body system = -— 
12 12 


Similarly, potential energy of a three-body system 
_ _Gmym, _ Gmm _ Gmmı 
Fig F23 T31 i 
Potential energy of the earth-sun system 
__ 666 810M 6X JOMK 25108 
15x 104 
= ~5-3x 108 joule. 

The minus sign indicates that-workis done by the gravitational 
force. ` It would take an equivalent amount of work by an outside 
agent to separate these bodies from rest. But the earth is not at 
rest, rather it is moving round the sun.‘ Because the kinetic energy 
of the earth in its orbit is half the magnitude of the potential energy 
of the earth-sun system, only half of this potential energy is needed 
to break up the system. The energy so needed is called Binding 
energy of the system. 


Binding energy of the earth-surt system = 53 x10% 
= 2°65 x 1033 joule. Ans. 


Ex. 7. Calculate the pressure inside the earth, caused by gravita- 
tional compression. at a distance t from its centre. Take M as the 
mass of the earth and R its radius. 4 

Sol. Consider the equilibrium of an element of width 
_ distance r and transverse area AS. 


dr at a 


Let p be the compressional’ pressure at a distance r. Then, 
Outward force on the element = dp AS; 

i G(ASdrp) (Hro ) > 
nward’ gravitational pull on it= — a Leonid: 


the density of the earth. 
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For equilibrium of the element, we have 


apXS= -GASS rp? 


or dp= -F Grdr. 


p-dp 


Fig. 11-1 ° 


Be 


Integrating, wehave p== 3 


Gp? Ea 

p Tre 
“Atr=R,p=0. 3. 0E -Eart or e= EG p*R* 
a -iga pay _ 20 ‘ig 

ia 7 COR -m-ar (1-a) 


We tave, M= Rp 


(A) 


i a be Sirs ah PE due to gravity at the earth’s surface given that 
gravitation G=6:7x10-11! SI units, radi =6' : 
and mean density of earth=5°5 x 102 kgm-3, i ETEY B oak ot 


it sea eo aped would a shell have to be projected horizontally so that 
Seal ag ibe a circular orbit round the earth ? Acceleration due to gravity 
ms” and radius of the earth=6-4x 10° m, (Ans. 7:9 x 10? ms~*) 
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3. With what velocity must a body be projected vertically upwards from the 
wwiace of the earth in order that it may never return to the earth 2 
G=6-66 10 SI units; mean density of the earth=5:525x 10° kgm’; radius 
of ee earth =638x10° m). (Ans, 112x104 ms~’) 

4. Compare the minimum velocity with which a particle would -circulate 
ruma the earth near its surface with the minimum velocity with which the 
partacte must be projected in order to move it completely beyond the earth’s 
field - . (Ans, 1: 2) 

S_ Calculate the mean density of the earth given that constant of gravitation 
G=6-7 10-1 SI units, radius of the earth=6"4X 10° m and acceleration due to 
gravity —9'88 ms-*. i (Ans. 5°5 x 10° kgm) 

6. iow many hours will make a day if the earth were rotating at such a high 
see that weight of a body on theequator were zero ? (radius of the earth 
=6-4 >< l0 m; acceleration due to gravity=9:8 ms~*) 


EFT ärt : Weight at equator ee —mo?R=mg—moR} (Ans. 1:4 hour) 


7- The mass of Mars is one-tenth of that of the earth and its diameter is only 
half ©f that of the earth. Compare the values of g on their surfaces. (Ans. 2 : 5) 
S. Calculate the escape speed from the earth for an atmospheric particle 1000 
kaa Bove the earth’s surface. (radius of the earth—6400 km; and acceleration 
dae to gravity=9°8 ms?) agti (Ans. 104 m/s) 
=_ An 800kg mass and a 600 kg mass are separated by *25,m. What is the 
‘gravitational field and potential at a point -2 m from 800 kg and +15 m from 600 
ke ? (Ans. 2°2x 107° Nkg— perpendicular to line joining centres; 
l — 5'3 x 10? joule per kg) 
#@~_ A mancan jump vertically 1'5 mon the surface of the earth. Calculate 
the radius of the planet of the same mean density as earth from whose gravita- 
tiommal field he would escape by jumping. (radius of the earth=6'41 x 10° metre) 


i peann 26Moc: Manaus (ye eg Ge 
FF int: y=V2XF 8X15; ve= ee |e 3 Rp; using Z= RE and 


4n 5R 
Me 7 Rep we have; v= Eaa (Ans. 31x10 m) 
e 
2%. A body weighs 20 kg on the surface of the earth. What will be its weight 
when itis at a height (i) equal to the radius of the earth, (ii) double the radius of 
the cath? (Ans. 5 kg; 2'2 kg) 
4% 2. Two lead spheres of 20x 10-* m and 2x10-# m in diameter are placed 
witb their centres 1m apart. Calculate the force of attraction between the 
fretcs, given that the radius of the earth is 637 10° m and its mean density is 
5-53 X10" kgm, Density of lead=11'5x 10° kgm and g=9°8 ms™®. 
(Ans. 1°54 10-1 newton) 
43. A projectile is fired vertically from the earth’s surface with an initial 
welo city of 10 km/sec. Neglecting atmospheric retardation, calculate how far 
ADON: the surface of the earth would it go ? Radius of earth=6400 km, 
{Hint : Kinetic energy acquired=Difference in potential energy of projectile 
„waen it is on the surface and at the point up to which it rises.] 
(Ans, 2°5x 104 km) 
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14. A short, straight and frictionless tunnel is bored through the centre of the 
earth and à body is released from the surface into. the tunnel, Show that the 
motion of the body in the tunnel will be simple harmonic and hence calculate 

- the time taken by the body to travel from one end of the tunnel. to the other, 
(radius of the earth=6-38 x 108 m and acceleration due to gravity at the surface 
=9°81 ms—*) (Ans. 42 minutes 14 seconds) 


(B) 


15. Two particles of mass mand M are initially at rest at infinite distance. 
Find their relative velocity of approach due to gravitational attraction whenl d is 
their separation at any instant. 

(Hint : From consideration of conservation of energy, 

GmM 
ohm 4M, 


For consideration of conservation of momentum, 
my,—My,=0. 


i i 1G (m+ M)) 
Relative yelocity of approach=y,+-,} ( Ans. Ri gourt E ’) 


se 16. Three identical bodies of mass m are located at the vertices of an equila- 
teral triangle with side /. At what speed must they move if they al! :cvolve 
under the influence of one another’s gravity in a circular orbit circumscribing 
the triangle while still preserving the equilateral triangle ? ( Gm 

3 Ans. g E 


aig An iron ball of radius 1m and density 8000 kgm=* is placed in water. A 
ble of radius 1 cm is ‘at a distance 1-5 n from the centre of the ball. Will 


there | be force of attraction or repulsion between them and by how much ? 
(Neglect the mass of air and take G=6°67 x 10-11.) 


[Hint : See Fig. 11-1. The element, if deyoid of mass, will experience force ' 


= tepulsion due to gravitational compressional’ pressure. Thus a} bubble will 
Ropouence force of repulsion, that is, a bubble will behave like ‘a negative mass’ 


equal to the mass of water displaced by it. Fa Smile where m,=mass of 


Water qena by the bubble and m,—mass of the iron ball minus the mass of 
water displaced by it.} (Ans. 3°7 x 10-° newton) 
18, A particle is fired vertically from the surface of the earth witha velocity 


eg Asians Ve is the escape velocity andk<1. Neglecting air resistance, calculate 
he height to which it will rise from the surface of the earth, 


kt 
(Ans. T- times radius: of the earth) 


19. Calculate the pressure caused by gravitational compression at the centre 

_ Of the earth, Express the result in terms of standard atmospheric pressure. Mass 
. Of the earth=60 x 10% kg; radius of the earth=6-4> 10° mand g (at the surface 
of the earth)=9-8 ms-2, 1 standard atmospheric pressurée=10° Nm-?, 


(Ans, 1:7x 10° atm.) 
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20. A planet of mass m moves along an ellipse around the sun so that its 
maxi mma tzan and minimum distances from the sun are equal to rı and r, respec- 
tively- Find the angular momentum L of this planet relative to the centre of 
the sun. 


| [FZzzaz : Remember that at the maximum and minimum distances velocity is 
Perpendicular to position vectors of the planet. Apply the principles of con- 
smation of angular momentum and energy.] 2G Mra 
s (Ans. L=m Aa: = 


24. A pair of stars rotates about their centre of mass. One of the stars has a 
mass AAZ which is twice as large as the mass m of the other. Their centres are at 
distaxace dapart d being large compared to the size of either star. (a) Find.their 
Period of revolutions in terms of d, m and G. (b). Compare their kinetic energies 
and angular momenta about their common centre. 


a +2 
(Ans. rete, agmi iSt ) 


22. Two satellites 4 and B of equal masses, move in the equatorial plane of 
the earth, close to earth’s surface. Satellite A moves in the same direction as 
that <€ the carth, while satellite B moves in the opposite: direction. Find the 
Tati of the kinetic energy of B to that of A in the reference frame fixed to the ` 
earth. (g=98 ms-?, radius of the earth=6-37 x 10° m.) (Ans. 1:266 : 1) 


ooo 


CHAPTER 12 
SIMPLE AND COMPOUND PENDULUM 


1. Simple Pendulum : When a heavy particle is suspended by an 
inextensible, weightless and perfectly flexible string from an unyield- 
ing support, it is called a Simple Pendulum. In practice a body is 
Suspended to set up a simple pendulum, 


The distance from the centre of gravity of the body suspended up 
to the point of suspension is called the effective length of the simple 
pendulum. For small amplitude of vibration, the motion of simple 
pendulum is simple harmonic and its time period is given by 


t=2n J R where t=time period, /—effective length and g =accele- 
ration due:to gravity, ie 


2. Compound’ Pendulum : Any rigid body capable of oscillating 
freely about an unyielding hotizontal axis passing through the body 
is called a Compound Pendulum. 


The time period of compound ‘pendulum is given by 
kee 

lg : 
pendulum from the centre of Suspension, k=radius of gyration of the 


pendulum about the axis passing through its centre of gravity and 
parallel to the axis of oscillation, 


3. Equivalent Simple Pendulum : The simple pendulum which 
has the same time period as the given compound pendulum is called 
Equivalent Simple Pendulum, The length of equivalent simple pendu- 
lum is L=(k?/I--), 

4. Interchangeability of centre of suspension and centre of 
oscillation : A point on the line joining the centre of gravity with 
centre of suspension at a distance k*/1 


and at a distance k?/I from centre o 
Oscillation. 


t=2n 


where /=distance of the centre gravity of the 


+ from centre of suspension 
f gravity is called Centre of 


The time period of a compound pendulum is the same about its 
centre of oscillation and centre of Suspension, There are four points 
ona line through C. G. about which it has the same time period. 
Two points are on one side of C, G. at distances / and k2/! and the 


Other two on the other side of it at the same distances, 
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EXAMPLES 


Sérz2 pie Pendulum : 


Ex. 1. A pendulun which keeps correct time at a place where 
g— 2-81 ms? is taken to a place where g=9'8 ms. Calculate by how 
natece it will lose or gain ina day. 


Sol. A pendulum keeps correct time when its time period is 
exactly 2 sec. 


B ale 
=. 2 an,/'E 28 | gy .. Q); 


When g decreases, t increases and hence it will lose at the second 
place. Let it lose by x seconds in a day. There are 86400 seconds in 
a day. A correct pendulum will make exactly 36400 beats (vibration) 
im aday. Since our pendulum loses x seconds in a day it will make 
€836400—x) beats in a day instead of 86400. 


3 ‘ $ k 86400 
Its time period at the second pean 36400—% 
86400 l ar 
5 cay GD: 
236400 — x N F8 a 
vindia erari ee ve 
iding () by G), -56400 9°81 
1 4 
or (\- sao as sal ye ‘ory’ 
86400 9°81 9'11 
ot 4 eee <01 neglecting other terms of the 
86400 2981’ 5 5 expansion 
or 86400 x 01 
Pepa ik ee 
§ 2x981 
oF x=44s. Ans. 


Ex. 2. A simple pendulum 2m long is arranged in an elevator. 
What will be its time period when (a) elevator is moving up with 
zzniform velocity 2 mls, (b) elevator is moving up with uniform 
acceleration 2 ms, (c) elevator is going down with uniform accelera- 
Zion 2 ms? 
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Sol. When the elevator is going up with acceleration f the 
acceleration relative to the ground is (g+-/). 
Pee 
t=2n /_—_., 
gif 
(a) When velocity is uniform, f=0. 

oe 2 
tad / 2-2 84 s: 


(b) When elevator is going up with acceleration 2 ms; 
f =2 ms. 
2 2 
t Para ———=2' è 
2n 5853 lra =2'59 5 


(c) When elevator is going down with acceleration 2 ms-?, 


= —2 ms, 


` SE 2 
each OI fe cee =—=3 . 
T Pr) 2n T3 3'18 s. Ans 


; Ex. 3. 4 simple pendulum swings- with amplitude of 5 cm and 
time period 2 s. Calculate its maximum velocity, maximum accelera- 
tion and velocity when it is 2 cm away Jrom its mean position, 


Sol. The motion of a simple pendulum is simple harmonic’ and 
hence to calculate its displacement, velocity and acceleration we may 
use formulae of S, H, M, 

Maximum velocity of S. H. M.=ao. 


Maximum Velocity of pendulum =-05 x ae “16 ms-?, 


: : 2 
Maximum acceleration of S. H. M.—go?— 05(F ) =4:94 ms. 


Velocity of §. H, M. at a distance x=0y@-—x?, 
Velocity of pendulum at a distance 2 cm = * Vv °05?—-02? 


='14 mst, 


Ex. 4. 4'simple pendulum loses 50 seconds in a day when taken 
to the bottom of a mine. Find the depth of the mine, 
(Radius of the earth= 6400 km) 
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Sol. We have on the surface of the earth 


rare | ts or l= Ja 
g § i 


ard at the bottom of 86400 J T ʻi 
m of mine 2x 56400 —50 = 20 i where g’ is the 


acceleration due to gravity at the bottom of mine. 


Di viding the two, we have = Ss 
g from consideration of gravitation. 


TNow we will calculate g and 
mg= oun (G= gravitational constant, M= mass of the 
‘earth and R=radius of the earth): 


or m-f. AT Rap = “GRP, where p= density of the earth 
and similarly, me’ = FGR- Ez only the inner mass is 


effective in producing attraction towards the centre). 
Dividing, o £s LRN re 
Po RN 
86400 — 59 50. NESE Roh 
36400 R 


h _ 1h sig 
LAN =1— aia BO lecting other terms 10 
DE POR? j the expansion 


or 1-2) esai 
86400 
2x 


or 50 100 
h= EE fa vo EN 400 k: 
56400. *~ 86400 na aa ead Sa 
we h=74 km. Ans. 


< ompound Pendulum : 


Ex. 5. The period of a disc of ra 


ies about a pivot at its rim is m 
value of g, the acceleration due to gravity. 


dius 10 cm executing small 
Find 


easured to be -184 s. 
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Sol. For a disc, J, (m.i. about its axis)=4 Mr?=Mk’. 
3, RP=r/2. 
l=distance of C. G. from point of suspension (pivot)=r, radius 
of the disc; 


LY aetna earl, Sar 
si) FRR RA x tt 2 
= PAST JZ 
t an, JER 2 7g 
Err 6x1 _o.64 msz. Ans. 
Pa lar aR To 


Ex. 6. A body of mass :2, kg oscillates about) a horizontal 
axis at a distance 20 cm from its ceantre of gravity. If the length of 
the equivalent simple pendulum be :35 m, find its moment of inertia 
about the axis of suspension. 


Sol. L (length of equivalent simple pendulum)=/-+-k?/I. 
35=2+k2/-2 or k?='03 mè. 

Now, T=I,+-ml? =mk? + ml? ='2(03 +2?) 

or I=:2x'07='014 kgm?. Ans, ` 


Ex. 7. Show that the time period of!a compound pendulum is 
minimum when it is suspended from a point at a distance equal to its 
radius of gyration. 


Sol. We have for the time period of a compound pendulum, 


tne) BEET. 
& 
Obviously ¢ is minimum when B +l is minimum, 
Now, ai l 
ow, ane (ots) +vp-(4 -yi) +24 
or TH=(4, -yi) 2k 


2 
el is minimum when (+, — vi) is minimum. 


This is a positive quantity, its minimum value is zero. 
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Hence t is minimum when r —V/l=0 or k=l. Proved. 

Ex. 8. A circular hoop of radius 60 cm and weight 4 kg is 
suspended ona horizontal nail at its circumference. (a) What is its 
frleqzency of oscillation for small displacements from equilibrium ? 
©) Phat is the length of equivalent simple pendulum ? 


Sol. We have for a hoop, Ig=mr? = mk?; 
=, k=r? and J=r (given). 


poe PEP ae | PRE eA: 
Ig rg g 


Comparing it with simple pendulum . formula, t=2n J A 


We have, L=2r=2%°6=1'2 m. Ans. 


T2 
And = aa 
n t=2n 78 
eT a. Oo Ma 
F: E e a (ee a . Ans. 
requency =N T2 A n 
EXERCISES 
Simple Pendulum: 
(A) 


1. Calculate the length of a second pendulum at a place where g=9'8 ms? 
ig (Ans. 993 m) 
[Hint : Second pendulum is that pendulum whose time period is exactly 2 
| seconds.] 
2. A hollow light cylinder of length 10 cm is suspended by a string of length 
25 om. Calculate the time period of this simple pendulum (i) when the cylinder 
is completely filled with mercury, (ii) when half filled with mercury. 
(g=9'81 ms~*) [Ans. (i) 2'006 s, (ii) 2:031 s] 
3. A faulty seconds pendulum loses 9 seconds per day. Find the required 
alteration in length so that it may keép correct time. (Ans. ‘02x 10-* m) 
| 4. A simple pendulum which beats a second on the surface of the earth where 
=9'8 ms? is taken to the top of a hill'where it is foundeto lose 2 sec im an 
our. What is the height of theshill ? .(radius of the earth=6'4x 10° m) i 
(Ans. 3:55 km) 
h 5. A simple pendulum beats seconds on the earth (g=9'8 ms~*)is taken on 
the moon where g=3-9 ms~?; find the number of seconds it will lose per day. 
(Ans. 31893 seconds) 
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6. The bob of a simple pendulum is of mass 50 gm and radius 1°5 cm. It is 
Suspended by a string of length 98-5 cm. Calculate its maximum kinetic energy 


if it is drawn to one side by 5 cm and then released. (Ans. 6-1 x10- joule) 

7. A simple pendulum loses 50 seconds when taken to the top of a hill. Find 

the height of the hill)’ Radius of the earth =6400 km. (Ans. 3:7 km) 
(B) 


mi 

8. Two simple pendulums ‘of lengths 1,m and 1:1 m_ respectively start 
‘swinging together with the same amplitude. Find the number of swings that will 
be executed by the longer pendulum before they will again swing together. 

[Hint : Longer pendulum will go slow and shorter will go fast. After starting 
together they will again ‘begin together when faster one gains over the first by 
complete number of oscillations. Let be the number of oscillations the longer 
one makes when they again begin together. 

(n+x) F,=nT,, where x is the number of oscillations by which the first 
gains over the second.} (Ans, 41) 

9. A simple pendulum of period 2 s is suspended from the ceiling of a car at 
test, The car moves horizontally with acceleration 4-9 ms~*, \ Find the period of 
‘oscillation of the pendulum. i (Ans. 1'891 s) 


[Hint : Bring the car to rest by applying inertia force. Consider motion of 


pendulum in this condition. T=2n varp 

10. A simple pendulum of length / is suspended from the ceiling of a moving 
lift. Find the time Period of the pendulum when the lift is going up with 
acceleration f. E 

[Bint : Bring the pendulum to rest by applying inertia force (D’Alembert’s 
Principle) and consider motion of the pendulum in this condition) 


(see aar) 


11. Show thatthe period of a simple pendulum is given by T=2n a 5 


‘where m is the ‘inertial mass’ and m” is the ‘gravitational mass” of the bob. 
12. Show that the time periodof a simple pendulum .of infinite length is 


given by mn | A where R'is the radius of the earth. 


‘Compound Pendulum : 


(A) 

1. A. body of mass -42 kg oscillates about a 
from its C.G. If the! length of equivalent simp} 
moment of inertia about its axis of suspen: 


horizontal ‘axis’ distant -25 m 
e pendulum be -35 m, find its 
i sion and) period of oscillation. 
(g=9°'8 ms-*) ( Hint: L= pes 1=mik+4.m.) 


(Ans. +03675 kgm ?; 1:1874 s) 
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2. A uniform square lamina of side ‘3 m oscillates in a vertical plane about 
am axis perpendicular to the lamina. Find the minimum periodic time of oscilla- 
tiOm-— What is the locus of points about which periodic time is minimum ? 

L Aint : See Ex. 7.) 

(Ans. ‘993 s; a circle of radius 12:25 10-* m about C.G.) 

3. Calculate the time period of oscillations of a uniform rectangular plate of 
lemeth 96 cm and breadth 10 cm when it is oscillating freely about one of its 
cormers. (g=9-8 ms~*) | (Ans. 1°61 sec) 

4_ A thin uniform rod of length 120 cmis made to oscillate about att axis 
Passing through its end. Find the period and other points about which’ it has 
the same time period. (¢g=9°8 ms™*) 

(Ans. 1°79 s, other end and 20 cm on either side of C.G.) 
$ 5. A uniform square lamina of side 10 cm is hung up by a corner and swings 
ån itsownplane, Find the length of equivalent simple pendulum. 

(Ans. 9°47 10-* m) 

6. A disc of metal of radius ‘r’ with its plane vertical can be made to swing 

about a horizontal axis passing through any one of a series of holes bored along 
æ diameter, Show that the minimum period of oscillation is given by 


1°414r 
t=2n ae as 


77. A uniform circular disc of 25 cm radius oscillates in its own plane about 
Point on its circumference, Calculate the time of oscillation. (g=9°8 ms-*) 
(Ans. 1°23 s) 


(B) 


8. In a Kater’s pendulum the time periods about the knife edges at distances > 
#, and), from the centre of gravity are ¢ and t+-t where t is very small, Show 
that aeth) _ ofp. 2s). 
g h—h i 
9. A Kater’s pendulum of mass 5 kg gives an equal oscillation period of 
2-004 s about knife edges at distances 10 cm and 89°4 cm on either side of the 
<enire of gravity, Calculate the value of g and the moment of inertia of the 
Pendulum about centre of gravity. 
(Hint : Length of equivalent simple pendulum=89*44-10=99'4 cm) 
(Ans. 9°779 ms~*; +447 kgm?) 
10. A compound pendulum consists of @ rigid light rod having two spherical 
bobs of masses m, and m, at distances h and /, from the centre of suspension, 
¥ ind the time period of oscillations of the pendulum, ype 
/ fates) 


my mgl,)e 


(Ans T=2n 


ooo 


CHAPTER 13 
ELASTICITY 


1. Elasticity: When a force is applied on a fixed body, the 
effect of force is to change its length, volume or shape. If the force is 
removed the body regains its original length, volume or shape unless 
it is over-strained by the external force. This property of regaining 
original shape, length or volume after removal of straining force is 
called elasticity. 

2. Stress and Strain: When a fixed rigid body is subjected to some 
external force at once a force is called into play within the body which 
tends to oppose the change of shape or size of the body. The inter- 
nal force per unit area is called Stress. . Its unit is newton per square 
metre (Nm-*), 


The ratio of change of shape or Size to the original shape or size 
is called Strain. There’are three strains : 


5 ENR «Change in length (AD 
i l = 
(i) Longitudinal Strain Original Tength (2) 


$ ; Change in volume (y) 
Vol Cir hie eae ee ae 
sÑ) Volume Strain _ Original volume (V) 
(iii) Shear Strain=angle (6) by which a line perpendicular to the 
fixed end is turned. 
3. Hooke’s law : Within ‘elastic limit stress is proportional to 


Stress 


strain i.e. ~—— =a constant c icity, 
train i.e Strain constant called modulus of elasticity 


4. Elastic constants ; 


w(i) Young’s modulus (Y)= Tensile Stress _ 
arte r Tensile Strain ; 


+ Volume Stress 
ii) Bulk dulus: (Re tee ESS 
ci) 2 ogy Volume Strain ne 


iii) Modulus of rigidity (n)— Shear Stress 
ca) gidity (n) Shear Strain ` 


(iv) Poisson’s ratio (o)= Lateral Strain 
Longitudinal Strain 
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5. elation of elastic constants: 

@® %=2n(1-+0), Gi) Y=3K(1—20). 
6. WVork done in stretching a wire : Suppose a wire of length L 
is stretched through / by a force F. Let f be the internal force when 
stretching is x. f 


Then, y-a E og p= 24 i 
n, Y JLN. Ae or f: L x where A=area of cross 
sectiom of wire. 

Elementary work done in stretching it further through dx=fdx 


_YA 


=^ xdx. 
Fate. Ix 
_-_- Work done in stretching from x=0 to x=l i.e, through l 
l z = 
YA YA |x GEA 
= — = — = See LA 
f Toe 5 2 nE 
0 -0 
WNov, when x=), f=F, 
SFE 
oar $ 


_*_ Work done in stretching through /=3 rai 1=3Fl 
Fi 


i.e. 4xstretching force x stretching. 


s 2. x 
Strain potential energy of a wire=4 rar joule or 4F! joule. 


zz (strain potential energy density) = at =} x stress x strain 
F 


7. Strain produced by thermal expansion : When a rod or wire of 
by AT the change in length is 


Jensth! suffers change in temperature 

Ja ZNT Where a is the coefficient of linear expansion [eo h= hla- 
Strain produced by thermal expansion Or contraction 

=a AT. 


=stress and He strain). 


N- E. PHy.-10 
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EXAMPLES 
Ex. 1. A wire of length 3 m and diameter of 3 mm is stretched 
by hanging a weight of 2 kg and the elongation produced is 2 mm, 
Calculate Young's modulus and strain potential energy of the wire. 
Sol. Strain= 210m _ 2x105, 
Stress = 2x98 


-2 
msx 10-32 Nm 


WR D a ee 
TE T z/4 R 


oS X 109 


Qn x *152 
3x98 
Uns «10°, or Y=416 10" Nm, Ans. 


Strain potential energy = 3 X (2x98) x (2x 10-3) 


=19°6x 10-3 joule. Ans, 


=11X10-/K, Young's modulus =2 x 10" N 


m”, 
Sol. We have, J, = 


h {lafta —r)} 


or h-h=h a(t), or A, 
1 


Longitudinal Strain = h>h 


=a(f,— t). 


Now, Y (Young’s modulus) = Le 
strain 
Y x strain= y a(t,—1,).. 
= Stress x area = Y A(t,—t,) x 
< Tension=2> 101.4 1 x 10-8(29 — 10) x x.(1 x 10-3)2 
=22r= 69:12 newton.: Ans. 


Stress= 
Tension nr? 


m in diameter which has been Stretched by '3 
due to a | etched by '3 mm 
igus E me of 10 kg. Also calculate Young's modulus of the wire. 


ELASTICITY 


Sol. Formula is already deduced, 
Work done =} x stretching force x stretching 


=} x (10x98) x (3x 109) =°0147 joule. 


10x98 98 x 107 Wes 
Stress= 0 TES Nm”. 


3x103 _ 


9°8 x 10?/'252 Acie L 
EENE. T 208x10 Nm-?*. Ans. 
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Ans; 


Ex: 4. When a rubber cord is stretched the change in volume 
tò change in its linear dimensions is negligible. Calculate Poisson’s 


ratio for rubber. 


Sol. Suppose /=length of rubber cord, r=radius of cord, 
When stretched let J increase by A/ and r decrease by Ar. < 


Longitudinal strain = ab and lateral strain=———. 


> lateral strain Arji Arxt 


~fjongitudinal strain All Alxr 


Ar 


Now, nr2]= volume =n(r— Ar} (I+ AD 

or nrèl=n(r? —2r Ar) (l+ AD, neglecting Ar? 

or rel= (r?l— 2r Arl+ r’ AD, neglecting Ar. Al 

or 2rArl=r Al 

or APX Lag pom ge Ee AnS, 
Alxr 2e 2 


Ex. 5. A load of 7°6 kg hangs from the lower end of a steel 
` wire which is rigidly clamped at the upper end. When the load is 
immersed in water, the length of wire changes by 1 mm. Calculate 
the length of the wire. (Young's modulus of steel=2X 101 Nm; 
diameter of the wire='4 mm; density of material of load=7600 


kgm, and g=9'8 ms~*.) 


2 
Sol. We have, y- Malm _ Mab or m=2™- 
e have, Y TIL xl or va 

[eo A 


Mcl, or M=kl where ees 
gL 
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Let M’ = mass of load in water. 
Then M'=kl'. 
: — mass ofload. _ 1000M 
T Vogt N e Ob lead MT 
(~ density of water = 1000 kgm-’) 


ORES T 7 
1600= Ta OF T6= TA, 


According to question, /—I’=1 x 10-3 m. 
` l=76x10 m. 
T6=k.16x10-3 or k=10? 


103 72x 10-8)? x2x 101 
= Sa < ORE 


. 2 
or 1 KEXP =2'565 m. Ans. 


Ex. 6. A steel wire of length 1 m and diameter 4 mm is stretch- 
ed horizontally between two rigid supports attached to its ends. What 
load hung from the mid-point of the wire would be required to pro- 
. duce a depression of 1 om? (Y=2x10" Nm?) 


Sol. Suppose 27= length 
of the wire, 
x=depression produced - 
=00', 
T=tension of the wire, 
Fig, 13-1. W =load suspended. 


Stretched length=2.04 =2(x2-L 18 
x \8 2 a 
=2(14%) =21( 144%) 2142" [vo xt< <P], 


Increase in length= 21+ S = Dh x f 


For equilibrium of the point O, we have W =2Tsine 
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or W=2T0 (since © is small) 


x Wil 
Sor. feet 
2T 7 or Zx 
a b Tiel 
=. sStress= <5 R 
š _ _stress y —Wilanrix D wis 
E7 strain 7 x? [21> Trex? 
Tet M -mass to be suspended. Then W=Mg. 


MxX9B x05) 
11 = 
2x10! = 7x 10x10 
a M-22% 10% xrx4x10 1 _ 82x 107 _ 5-05 kg, Ans. 
98x125 98x125 f 
Ex. 7. A steel spiral spring has an unstretched length of 8 cm 
and when amass is hung on it, its length becomes 10 cm. Calculate 
the periodic time of oscillation of the mass if displaced vertically. 


Sol. Let k be the ‘force constant’ of the spring. ‘Force constant’ 
of a spring is the force called into play per unit change of its length. 
Force called into play when stretched by 2 cm 

kx (2x 1077)= ‘02k newton. 
If m=mass hung on it then for equilibrium we Haves ite D 
t A OM 


: mg= ‘02k ; 
Let us displace the mass a little and then release it. Let x be 


2 
the downward displacement at any time t. Then C =downward 


acceleration of the mass at time t; additional force called into play at 
time !=kx (upward) = —kx (downward). 
Force = mass x acceleration; 


Thus 4% go 
qe 2T* 


Hence motion is simple harmonic and ak, p: N oi 


Here, k= "8 
"02 ` 
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Pade fm. | 82 He Ani 
mg 9'8 
02 
Ex. 8. Find the increment in the length of a steel wire of length 
5 m and radius 6 mm under its own weight, Density of steel=8000 
kgm? and Young’s modulus of the steel 2 1014 Nm-2, 


Sol. Let I be the length of the wire and A/ be its incresase in 


I > 
because the weight acts at the centre of the wire, 


length. Then strain Produced =" ZAL half length is taken 


2l 
Str duced = 7 P8 _ 
ess produce oe Ip 


. y Stress _ lpg. _ 1 Pog 
S To an “2al or Al=5 y 


2 a 
A= =X 8 4-95 10-*m. Ans, 


EXERCISES 
(A) 


_ 1. A copper wire 2m long and :5 mm in diameter Supports a mass of 10 kg. 
It is stretched by 2'38 mm. Calculate Young’s Modulus of the wire. 


; ula strain potential energy of a horizontal rod 1 m long and 
“4x 10=m? j i 


. been cooled to 10°C. ‘Linear expansivity of material of rod=11 x 10-*/K and 
Young’s Modulus 2-1 x 1011 Nm-2. (Ans. :114 joule) 


(Ans. 3333 kgm-*) 
5. A bar of steel is heated to a temperature of 500°C, Its ends are then 
clamped at two points 1 m apart and the bar is allowed..to: cool. Find at what 


temperature it will break assuming linear expansivity of steel=11 x 10-*/K; 
an S Modulus of steel=2 x 1011 Nm-2 and breaking stress’ for steel=8 x 10° 
ma, , 


(Ans. 134-4 °C) 
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6. Find the greatest length of steel wire that can hang vertically without 
breakisas=_ (Breaking stress of steel=7:9x108 Nm~ and density of steel =7900 
kgm*-) (Ans. 1:02 x 10‘ m) 

1, A steel wire 2 mm in diameter is just stretched between two points at a 
temperæt ware of 25°C. Determine the tension when temperature falls to 15°C. 
(inar expansivity of steel=11x10-%/K and Young’s Modulus of steel 
=21>< 10 Nm.) (Ans. 72°6 newton) 

8- A wire of length 2 m and radius 2 mm is loaded with 5 kg when it is 
srethea 25mm. Another load of 3 kg is suspended from below of 5 kg bya 
wire Of the same material and length 1 m and radius 1 mm. What is the total 
increase in length and what are individual extensions of the wires ? 

(Ans. 7 mm; 4mm and 3 mm) 

9. A wire of length 1 m and radius 1 mm is welded to another wire of length 
2m ana radius2mm. The free end of the first is clamped and a load of 5 kg is 
applied at the’ free end of the second wire, -What is the total increase of the 
compound wire ? (Y of both wire=2x 1014 Nm-*.) 

(avez : The stretching force on both is the same but not the stress.] 

i (Ans. 117x107" m) 
10. A uniform pressure P is exerted on all sides of a solid cube at temperature — 
C. By what amount should the temperature be raised in order to bring its 
Volume back to the value it had before the pressure was applied. (Cubical 
expaxasSi Vity of the material cube=a and the bulk modulus of elasticity is B.) 


7 j gi 

| P P) 
[Airt : P= chango naoano V:= Vo(i+at) ], (ans 5) 

original volume i 
44. Two springs have their force constants as k,and k, (ky >Kq). On which 
ping ïs More work done (a) when „their, lengths are increased by the same 
amount, (b) when they are streched by the same force ? (LIT. 1976) 


(77721: W, Work done=}kx*.) [Ans, (i) Wr > Wa» (i) wiswal 
(B) 


42- Asteel wire of length 1 mand diameter of 3 mm is stretched horizontally 
beeween supports attached at its ends. What load hung from the mid-point of the 
wire Would be required to produce a depression of 1 cm ? (v=2x10" Nm, 
g=9-3 ms”) (Ans. 115 kg) 
43. A light rod of length’2 m is suspended horizontally from the ceiling by 
means of two vertical wires of equal lengths tied to its ends. One of the wires 18 
made Of steel and is of cross-section ‘1 sq. cm. and the other is of brass of cross- 
geton ‘2 sq. cm, Find out the position along the rod at which a weight may be 
hung Éo Produce (i) equal stress in both wires, (ii) equal strain in both wires. (Y 
for bras=10x10 Nm- and Y for steel=20 x 10” Nm) on 
3 [Ans. (i) 1:33 m, (ii) 1 mj 
a4- A 4 kg block extends a spring by 16 em from its unstretched position. 
The block is removed and a -5 kg body is hung from the same spring. If the 
spr inas is then stretched and released, what is the time period of oscillation of the 
mass Suspended ? What is the ‘force constant’ of the spring ? 
- (Ans. ‘284 s; 25 kgm’) 
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15. A uniform spring whose unstretched length is/ has a force constant k. 
The spring is cut into two pieces of unstretched lengths /, ond l, where h=nl, 
and n is an integer. What are the force constants k, and k, of the two pieces in 
terms of nand k ? 


[Hint : Force constant is inversely proportional to length.) 


[ Ans. (=+) and (n4 Dk | 
| 1A 


16. A light elastic string is suspended vertically from a point and carries a 


heavy mass at its lower end, which stretches it by J. Show that the vertical 
oscillations of the system are simple harmonic in nature and its time period is 
equal to that of a simple pendulum of length /. z 

17. A thin uniform copper rod of length / and mass m rotates uniformly with 
an angular velocity œ in a horizontal plane about a vertical axis passing through 
one of its ends. Determine the tension of the rod at a distance x from the 
rotation axis. 


[Hint : Let T be the tension at a distance x. Consider the dynamics of circular 
m 
motion of the element dx at x. Centripetal force— -ar-( 1 ax): 0%. x. 


i! 
umn is subjected to compression by a certain 
ulus of elasticity of concrete is one-tenth of that 
section of the iron is one-twentieth of that of concrete, 
ad acting on the concreteg 
the same for the iron and the concrete,] 


(Ans, 2/3 of the load) 
~ 19. Two steel plates are soldered on the two sides of a copper plate. What 


tensions will arise in the plates if the temperature is increased by t°C ?. All the 
plates have the same cross-sections. The cocfficients of expansion of copper 


and steel aré a, and a, and their Young’s modulus are Y. and Y, respectively. 
Area of each interface= A, 2A¥c¥(O0—as)t Fe 


| 
7 Sy Aube 2 


x? 
Integrate and apply the condition that at x=l, T=0.) [ans imo >j ‘| 


18. A reinforced concrete col 
load. Assuming that the mod 
of iron and area of cross- 
find the portion of the lo: 

[Hint : Here strain is 


Ans. F,= 


stress of glass)—5 x 107 Pa. 


(Hint : Outward force due to internal pressure is b 
elastic force.) 


(Ans, 5x 10° Pa; 10° Pa) 
alanced by the inward 


he same radius at 40°C,, What is the force 


ng grips over the wheel when cooled to 27°C ? 
Young’s modulus of iron=2 x 104Nm-2 and linear expansivity of iron 


=11x10-*K-1_ Neglect thermal contraction of the wooden wheel. 2 
(Ans. 5°72 10° Nm=*) 
a00 


> outside of it. 


CHAPTER 14 
SURFACE TENSION 


4. Surface tension : The property of the free surface of a liquid 
contract and occupy minimum possible area is called Surface 
Tension and is measured by the force per unit length of a line imagined 
to be drawn in the surface of the liquid. Unit ; newton per metre 
Nim). 

2. Surface energy: Due to tension the surface of a liquid 
possesses potential energy and this energy per unit area of surface is 
called Surface Energy. Unit : joule per square metre (Jm). Surface 
energy is numerically equal to surface tension. 

3. Excess of pressure inside a bubble or drop of a liquid : The 
pressure inside a bubble or drop is essentially greater than that 
Due to surface tension the bubble or drop has got the 
tendency to contract. So unless there is greater pressure inside to 
balance this tendency stability of the bubble is not possible. 

The excess of pressure is given by 


to 


P= 4 in case of a bubble 
and P= 22 in case of a drop. 


4. Angle of contact : A liquid surface is generally curved at the 
points where it meets a solid surface. The angle between the tangents 
£0 the solid surface and the liquid surface inside the liquid is called 
Angle of Contact. For pure water and clean glass angle of contact 
4s zero. i 

3 5. Rise of a liquid in a capillary tube ; Due to surface tension 
Ai quid is drawn up a capillary tube till the weight of liquid that rises 
as the tube balances the force due to surface tension. Let T= surface 
tension of liquid, r= radius of the tube, 0= angle of contact, h=height 
Of lowest point of the meniscus, v= volume of liquid in the meniscus 
above the horizontal plane touching the meniscus at its lowest point. 

Upward force due to surface tension=2nrTcose. Downward 
Force due to weight of liquid in the tube=(nr2h-+-v)pg- 

For equilibrium we have 

(nr2h-+-v) pg = AnrTcoso; 
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When permitted to neglect v as it is very small, 
nr? hpg = 27r Tecos 
or 2Tcosd=rhpg. 
This is the formula that can be used when 
040. 
For water and glass, 9=0° and hence 
meniscus is hemispherical. 


2 


Then v=nr?— EAE: wa 


(Cee pg =2nr T 


1 ar 
i s T= =} newton per metre 
Fig. 14-1. or 7 per i+ 3 ) e p NaN, 


EXAMPLES 


Ex. 1. Calculate the 
droplets of mercury (surfac: 
combine into one, 


amount of energy evolved. when eight 
e tension “55 Nm-) of radius 1 mm each 


Sol. Area of 8 droplets=8 x Anr?=32n(1 x 10-8)? =32n x 10-¢m?. 
Surface energy of 8 droplets = 32n x 10-6 x -55 joule 

(Surface energy = Surface tension numerically). 

Let R be the radius of the big drop formed. 


Then volume of the big drop= ERs, 


Since volume remains constant in the process of combination, 
An An 
8 Ix —8)\3 3 
3. x 10-3) a R 


or R=2% 10-3 m, 
Surface energy of drop formed =4n(2 x 10-8)? x SS 
= 16m x 10-* x :55 joule, 
Energy evolved = 32m 10-8 155, — 16m x 10-8 -55 
= 16m x “55 «10-8 = 27°65 x 10-8 joule, Ans. 
Ex. 2. Find the work done in blowi 


ing a soap bubble of surface 
tension ‘03 Nm-! from 2 cm diameter to 4 cm diameter. 3 


SURFACE TENSION 155 


Sol. Change in surface area= 2x 4n(22— 12) x 10-4 m? 
(multiplied by 2 because a bubble has two surfaces) 
=24n x 10-4 m’. 
Hence work done=24n x 10-* "03 
(~ surface energy = surface tension numerically) 


or Work done = 2°26 x 10-4 joule. Ans. 


Ex. 3. A small hollow vessel which has a small hole in it is 
immersed in water to a depth of 40 cm before any water penetrates 
into the vessel. If the surface tension of water is 70x 10°* Nm, find 
the radius of the hole. 


_ Sol. Water will not enter so long excess of pressure on concave’ 
surface remains greater than hydrostatic pressure. 


LS 2x70x10 3-72 108 m. Ans. 


pgh  1000x9°8x 40x 10-2 
Ex. 4. A spherical soap bubble of radius 2 cm becomes attached 
to the outside of a spherical bubble of radius 4 cm. Find the radius 
of curvature of the common surface. 


Sol. P; (excess of pressure in the first) 


_ 
"a Fig. 14-2. 
{ $ 
R= Pj= ar( + pa: )- difference of pressure on the two sides 
Ta Ta of the common surface 
LAr 
== 


| oe jiz oh 2h lenge SORES. 


r=4om=4x% 107 m^ Ans. 
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Ex. 5. Two spherical bubbles of radius 3:00 cm and 4:00 cm 
coalesce to form another spherical bubble. Calculate the surface 
tension of the bubble. The radius of the bubble formed =4-498 cm and 
the atinospheric pressure=105 Pa, 

Sol. Let us first deduce the general formula. 


Let z, and r, be the radii of bubbles and r is the radius of the 
bubble formed by their combination. Here in the process of combi- 
nation volume does not remain constant. 


Pressure of gas inside the first bubble=P +52, where P=atmos- 
1 


pheric pressure. 
» ” ” ” second ”> =P+—, 


Using the formula PV =nRT, we have 
(78?) rm, (24rd emer 
r,/3 tz 73 
and for the tesulting bubble ( a =(m,-+n,)RT. 
r 
: 4T\ 4r AT\ 4r AT\. 4 
s P+). Sa-( 2) Mies aT). An, 
( r kad Hika get F itor 38 
or ( p+ )a-( r)a pia), 
r ty t; 
or rènt x p— 200+ 4-008 — 4:4983 


Pontos p30 aor X 1 
='189 Nm-!, Ans. 


EXERCISES 


(A) 


1, Calculate the work done in Spraying a spherical drop of mercury of 
1 mm radius into a million dro; 


plets of equal size; the surface tension of mercury 
=550 x 10-? Nm, 


(Ans. 6°84 x 10-4 joule) 

i 2, Two drops of water of radius 2x 10-7 m coalesce. What rise of temperature 
will result? (S.T. of water=74% 10-2 Nm, sp. heat capacity of water=4200 
Joule per kg per kelvin.) s (Ans. *05°C) 
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3. To what height can mercury be filled in a vessel without leak occurring if 
there Zs a pin hole of diameter *1 mm at the bottom of the vessel ? (Density of 
mercury=13°6x10° kgm, surface tension of mercury=550 x 10-* Nm, 
Neglect angle of contact.) 


LET irt : T=hperh.) ( Ans. 1649x 10-* m or 16:49 cm) 
4. A tube of | mm bore is dipped into a vessel containing a liquid of density 
8x 10—*kgm-*, surface tension 30x 10-* Nm- and angle of contact is zero. 
Calculate the length which the liquid will occupy in the tube when the tube is 
held ça) vertical, (b) inclined to the vertical at an angle of 30°. 
[Ans, (a) 1°51 x 107? m or 1:51 cm, (b) 1°75 x 10-* m} 
S_ What would be the pressure inside a` spherical air bubble of ‘1 mm radius 
sittzaated at 1 m below the surface of water ? (Surface tension of water='07 Nm-* 
and atmospheric pressure=105 Pa) [1 Pascal (Pa)=1 Nm?) 
Wensity of water=1000 kgm-. (Ans, 1112 10° Pa) 


6- Two soap bubbles are joined together so that they have a common surface. 
Jf their radii are 3 cm and 4 cm respectively, find the radius of the common 
surface. (Ans. 12x 10-? m or 12cm) 

7. By how much will the surface of a liquid be depressed in a glass tube of 
tadius ‘2 mm if the angle of contact of the liquid is 135° and the surface tension 
is - 547 Nm- ? Density of the liquid is 13-5x 10° kgm™. 


LÆint : Neglecting the liquid in the meniscus we have for equilibrium 


2Tcos0 
pgr ) 
&. A glass tube of radius 5 mm is dipped in water. Calculate the rise of water 
in the tube, (Neglect mass of water in the meniscus and take the angle of contact 
to bezero. Surface tension of water=70x 10~ Nm-?) (Ans. 2°86 x 10-* m) 
©. Two spherical soap bubbles coalesce. If Vis the consequent change in 
_ volume of the contained air and S the change in total surface area, show that 
3PV=4ST 
wheteT =surface tension of soap bubble and P is the atmospheric pressure. 


mrth pg=2nrTcos0, h= (Ans. 2°92 x 10-? m) 


40. Ifa number of droplets, each of radius r, coalesce to forma single drop 
i y x 3T/ 1 1 
of radius R, show that the rise in temperature will be given by = =~) 


wv here T=surface tension of liquid, o=density of liquid and S=specific heat 
capaxity of liquid in joule per kg per kelvin. 


(B) : 
11. A glass plate of length 10 cm, breadth 4 cm and thickness ‘2. cm weighs 
3 sminair. If it is held vertically with its long side horizontal and its lower 
end half immersed in water what will be its apparent weight ? (Surface tension 
==~07 Nm- and g=9'8 ms-*) 
[Hint : apparent weight=weight in air—buoyancy-++force due to surface 
tension.] (Ans. 5:46x10= kg or 5°46 gm} 
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12. Two equal spherical bubbles of radius ‘a’ each coalesce to form a 
spherical bubble of radius ‘b’. If P is the.atmospheric pressure, show that the 
surface tension of the bubble is 

P(2a°—b*) 
4(b2—2a¥) ` 


[Hint : Use pat and apply pV= nRT formula.) 


13. Calculate the radius of the largest drop of water that might evaporate at 
100C without heat being supplied to it. The surface energy of water at 0°C is 
117 10-5 Jm- and the latent heat capacity of water is 606 x 10? calorie per kg at 
°C, One calorie equals 4'2 joule. 

[Hint : Equate change in surface energy to the heat required for evaporation 
of mass that will disappear.] (Ans, 9:2 x 10-1? m) 

14. A sphere of radius 6 cm weighs 2 kg in air. It is held with its lower half 
immersed in water. What will be its apparent weight ? (Surface tension of water 
=72'5 x 10- Nm- and g=9-81 ms-?) (Ans. 1:5504 kg) 

15. The end of a capillary tube of radius r is immersed into water of surface 
tension T and density p. What amount of heat will be evolved when water rises 
in the tube ? : (Ans. ane 
‘ pg 


[Hint : Heat evolved =work done by surface tension—gravitational energy 
stored in the standing column.] 


16. Water rises to a height A in a long capillary tube. The length of the tube 
inside the water is. The tube is taken out gently. What length of water will 
remain in the tube ? (Ans. 2h if l >h and l-A if I< h) 


O00 


a 


CHAPTER 15 


HYDROSTATICS 


Æ. Pressure : Pressure at a point is the force per unit area of 
surface surrounding the point. 


Pressure at a point due to a column of liquid of height h is 
P=p gh pascal (Pa). (1 pascal=1 Nm-*) 


2 Thrust on a surface: Thrust on a surface =area x pressure at 
the centre of the surface given by the above formula. 


3. Centre of pressure : If the surface is vertical thrust on itacts at 
a Pint 3h deep where ‘h’ is the depth of centre of the surface from 
the top of liquid and if it is horizontal it acts at the centre of the 
surface. The point where thrust acts is called Centre of Pressure 
(EP). j 

4. Buoyancy : The upward thrust of a liquid on a solid body is 
called Buoyancy. 


Buoyancy =wt. of liquid displaced =V pg where V=volume of 
1iquwid displaced, p=density of liquid. 

5. Law of a Floating body: A solid floats on the surface of a 
liquid when its weight is equal to weight of the liquid displaced 
by itie. W—W’ is the condition for floatation of a body. 


6. Density ; Mass per unit volume is called Density. Unit, kgm-*. 


M (mass) pom- 
_M (mass) A 
V (volume) 

7. Relative Density : Density of a substance relative ox T scans 
‘of water is called Relative. Density or specific gravity. It is a pure 
number, , 

, In ST, Density -relative density x 1000 kgm? because density 
of water in'S I is 1000 kgm. 

8. Pascal’s law : When pressure is exerted at a point on a confined 
1iquid, it is transmitted undiminished equally in all directions and 
acts at right angles to the wall of the container. A hydraulic press 
works on this principle of transmission of pressure undiminished in 
alli directions, 


D (density) = 
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Suppose f=force applied on the shorter piston and F=force 

produced on the larger piston. 
Then according to Pascal’s law, 

L-E Where atand Bare the area 


of the smaller and larger piston, 
According to principle of conserva- 
tion of energy which is obeyed by 
all machines we have also f.x=F.y 
where x=displacement (downward) of smaller piston and y = upward 
displacement of larger piston. 


Fig, 15-1. 


9. Archemedes principle : 1A body partly or wholly immersed in a 
fluid at rest appears to lose a part of its weight which is equal to the 
weight of the fluid displaced. 


10. Hydrometers : Hydrometers are instruments to 
relative (relative to water) density of liquids, 
principle of a floating body, namely, 


measure. 
They work on the 


wt. of the hydrometer = wt. 
080 of liquid displaced, 
Mi i or W=Vpg where V= 
volume of liquid displaced, 
120 p=density of the liquid. 
If W remains constant as 
in a- common., hydrometer, 


Vp=a constant or p24 
where kis. a'constant. If V is 
kept constant as in Nicholson 
hydrometer, W cp, 

or p=kW. 


11, The Atmospheric Pressure : The weight of a vertical column of 
air of unit area of cross-section extending from the surface of. the 
earth up to where atmosphere ends is called Atmospheric Pressure. 
Unit, Nm or Pa, The auxiliary unit, ‘m or cm of Hg’, 


Common Nicholson's 
Hydrometer Hydrometer 


Fig. 15-2 


12. Fortin’s barometer : Fortin’s barometer works on the principle 


that pressure at two points on the same horizontal line drawn in a 
liquid at rest is the same. 
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One metre long tube AB filled with purè dry mercury is inverted 
ina trough containing mercury. Mercury 
intulbe stands up to certain height depen- 
ding Om the atmospheric pressure. Draw 
ghoxrizontal line just grazing the surface 
ofmercury in the trough and consider 
two Points on this line E inside the tube 
ad Æ outside of it according to the 
principle of hydrostatics stated above. 

Pressure at E= Pressure at F. 

But pressure at F=atmospheric 
presSurre and pressure at E= pressure due 


to column of mercury because above 
mercury there is nothing except vapour 
of xmercury which exerts very little 
_ pressure. i 


Fig. 15-3. 


Atmospheric pressure =hpg Nm- where h=height of mercury 
cotum standing in the tube, p = density of mercury. 


£3. Air Pump or Suction Pump : It is a pump by which a vessel is 
depleted by working the piston. The pressure inside the vessel after 


n 
n strokes is Pa (fry) xP where P=atmospheric pressure, 
-TY 


y = volume of vessel, y = volume of barrel 


n X 
or Dr -( 5 ) xD where D = density. of atmospheric air 


and Dp = density of air of vessel after n strokes. 

4. Compression Pump : It is a pump by which a vessel is filled 

` with air under pressure. The preesure inside the vessel after n 
strokes is ; 


P,=(1 san) xP and p,- (1+7)* a 


z3- ©. PHy.-11 
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15, Siphon : Siphon 
isa device to transfer 
liquid from a vessel at 
higher level to a vessel at 
lower level. Conditions 


for working of siphon: 
(i) ha > hy, (ii) hy be less 
than’ the height of the 


corresponding liquid 


Fig, 15-4, 


barometer. 


EXAMPLES 


Ex. 1, Find the pressure in newton per square metre 1500 m 


below the surface of the ocean. The relative density of sea water is 
1-03, E 3 


Sol. We have. P=pgh=(1-03x 1000) x 9°8 x 1500 

or P=1'5 x 107 Nm-, ` h 

This is the pressure due to water column. The atmospheric 
pressure is 1-01 x 105 Nm-2 or +01 x 10? Nm-2, 

; P=1:51 x 107 Nm. Ans. 


Ex. 2. What is the minimum area afa block of ice '3 m thick 
floating on water that will hold up an automobile weighing 1134 kg ? 
(Density of ice=910 kgm=.) : 


Sol. Let A be the minimum area of the ice block. Then the 
volume of the ice block is A <°3 m and its weight is (A <*3 x 910) g. 

It will displace (-34) m? of water whose weight is ‘34x100 g 

By law of floatation, 

(34910 g)+1134 g=-34 x 1000 g 

or ‘3A X90 = 1134 

or A=42 mè, Ans. 

Ex. 3. An iron casting weighs 27 kg in air and 18 kg in water. 

What is the yolume of cavities in the casting 2 

(Density cf iron=7800 kgm-*) 
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Sol. Tet V be the outer volume of the casting and y is the 
Yolume ©F cavities. Then 
27= (V—v) Piron 
and 18=(V —Y)piron—V X 1000 
C~- Density of water = 1000 kgm’) 
Pe 18=27—-V x1000 or y ='009 m°. 
Swbstituting the value of V in the first equation we have 
27 = (‘009 — v) x 7800 
or y=009 — "00346 = -00554 më. Ans. 


Ex. <4. A block of wood weighs 4 kg.and has a relative density 
of'6. Fz zs tobe loaded with lead so that it will float in water with 
Jof #2 volume immersed. What weight of lead is needed (a) if the 
kad Zs on top of the wood, (b) if the lead is attached below the 
wood 2 Cdensity of lead= 11,340 kgm-*) 


Sol. (a) Let W be the required weight. By law of floatation, 


4.- 
4.W= -> }-9 x 1000 
oll (e) A 
W=2 kg. Ans. 
(6) Bylaw of floatation, 


a put Ate ) 1000 
san w= (gen T1340 g 
or 4- W = 6-000 -+0882W 


2:000 : ; 
or w — 2000 2:1935 kg, Ans. 
sie eee 


Eœ- 5. After four strokes the density of air in the receiver of an 
dir-gozer?ep is found to bear to its original density the ratio of 256 : 625. 
Wheat #5 the ratio of the volume of the barrel to that of the receiver ? 


Sol. We have Fea V 


V+y 
n 
and D= Ddy) i 
í V+y 
piere HLA 
and D,__256 
D, 625 


é ‘ 4 3 
= 256 (Y k (3) (7) 
as app eh ee NO yT 


of 25 m above the sea level it shows a pressure difference of 25 mm 
with respect to the pressure at the sea surface. Ifthe relative density 
of mercury is 13°6, find the average density of air near the sea leyel, 
i (Bihar 1961) 
Sol. Here pressure due to 2'5 mm of mercury 
= pressure due to 25 m of air 
2'5 x 10-* x (13°6 x 1000) g=25 x Pair X g 


or Pair = = = 1:36 kgm, Anis, 
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Sd 5 Pay r p 7 I= 
Ex. 6. When a mercury barometer is taken to a place at a height | 
Ex. 7, A faulty barometer reads 71°12 cm and 76°20 cm when | 
true barometer reads 72°39 cm and 78°74 cm respectively. Find the | 
true reading when the faulty barometer stands at 73°66 cm. : 
Sol. The barometer is faulty when it encloses some air in its 
vacuous space. Let / be the length of the tube above the fixed ivory 
pointer. Then volume of the enclosed air is (/ —71°12) xa cm? where 
a is the area of cross-section of the tube and its pressure 
P=72'39—71:12=1:27 cm of mercury. When the second observation 
is taken the volume of air is (/~76'20)a and its pressure | 
= 78°74 —76:20=2°54 cm of mercury. By Boyle’s law, we have 
(1—71 12)a x 1:27 = (1-16-20) a 2°54 


or 127 1-112 1:27 = 3-54 176-20 x 254 
or 127 1=193:55— 90:32 = 103-23 | 
or 


1=81:28.cm, 


Let x be the true teading when the faulty one reads 73°66 cm. 
Then by Boyle’s law again 


(81:28 — 71°12) x 1'27 =(x — 73:66) x (81:28 — 73°66) 


or 10°16 x 1°27 =(x— 73-66) x 7:62 | 
or X—713°6651°69 or x= 75-35 cm. Avs. 
EXERCISES | 

(A) 


1. A rectangular tank 2 m deep, 
water. Calculate the thrust on each o; 
water=1000 kgm-? and g=9'8 ms- 


5m broad and 10 m long is filled witb 
f the sides and on the base. (Density of 
2 
.) 
(Ans. 9°8x10!N; 196x101 N and 9°8x 10° N) 
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2 If thae atmospheric pressure is 1*1 x105 Nm? (pascal) and the diameter of 
Magdebeas-= hemispheres are 40 cm, find the force required to pull them asunder. 
(Ans, 13-8 x 10° newton) 
3. A Cube floating on mercury has 4 of its volume submerged. If enough 
varis a&cced to cover the cube, what fraction of its volume will remain 
immerse. ära mercury? (Relative density of mercury=13°6) (Ans. ‘19) 
4A block of wood weighs 4 kg and has a relative density “6. Tt is to be 
loaded witta lead so that it will float completely immersed. What weight of lead 
ismeedecl Ç a) if the lead is on top of the block, (b) if the lead is attached below 
thebloc#< 2 Density of lead=11'34x 10% kgm™. (Ans. 2°667 kg; 2'92 kg) 
5 A retal plate measuring 2 m x1 m is immersed in water and is held there 
vithits sta orter side parallel to the free surface at a depth 5 metre. Calculate the 
thrust ora The plate, (i) when it is horizontal, (ii) when it is vertical, (iii) when it 
iatan ix2<Jination 30° with the vertical. 
(Ans. 98 x 10° N, 117°6x 10° N, 115x10? N) 


6 A SpPhrerical iron shell floats almost completely submerged in water. If outer 
diametex- ZS ‘5 mand the ‘relative density of iron is 8, find the inner diameter. 
(Ans. ‘48 m) 
7. A cylinder of iron floats vertically and fully immersed in a vessel contai- 
tigere ery and ‘water. Find the ratio of the length of the cylinder immersed 
inwatex TO that immersed in mercury. (Relative density in mercury=13"6 and 
that of ix On=7°78,) (Ans. <86: 1) 
8 A. stem of a common hydrometer is cylindrical and the highest graduation 
corres ><> 32-cs to 1clative density 1-0 and the lowest to 1-3, What relative density 
totes > rads to a point exactly mid-way between these divisions? (Ans. 1°13) 
§ e stein of a hydrometer is divided into 100 equal ‘parts; it reads ihe 
Water asac] 100 ina liquid of relative density “8. Find the relative density of 
liquid 22 which it reads 50, er 
[@er2z = Consider hydrometer as a floating body.] : : (Ans. °89) 
1p- A U-tube contains water in its lower part. Now 32 cm of kerosene oil of 
native < ensity -8 is poured in one limb and in the other limb a vegetable oil of 
tative ensity +65. The water level on the kerosene oil side is 5 cm lower than 
Wie ther. What is the height of the column of vegetable oil ? (Ans. Gi ie 
įg- “EX wo bodies counterpoisc each other when suspended in water from the 
ams <>£ = balance. The mass of one body is ‘28 kg and is of relative density 5°6. 
Ifthe 222s Of the other is ‘36 kg, what is the relative density of the other ? 
(Ans. 2°78) 
aZ- A narrow uniform tube of glass is sealed at one end and contains 4 
tarow mercury pellet 5 àm long. When the tube is held vertically with the sealed 
end 12> - the length of the air column imprisoned by the mercury Pellet is 25°6 cm 
Whera tHetubeis inverted, the air column is 224 cm long. What is the 
ae osPbBuic Pressure ? (Ans. +75 m of mercury) 
(aie: Make use of Boyle’s law.) ; 
a35. Calculate the depth of water where a bubble of air would just float. 


Desast ty of Water=1000 kgm-* and ; +129 kgm™. Atmospheric 
heesor €=105 Pa. g and density of air nk 7900 m) 
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[Hint : Bubble will float when density of air is equal to density of water, 
Use the formula z =a constant.] 


14. A tube 1:5 m long and closed at one end is half filled with mercury and is | 
then inverted with its open end just dipping into a. mercury trough. Find the l 
height of mercury in the tube if the reading of the barometer is -75 m. i 

; (Ans. +2865 m or 28°65 cm) 

15. Two cylinders 4 and B are of the same dimensions. but of different 
materials. 4 alone floats in a liquid with half of its length immersed. When B 
is Placed over A, the combination just floats in the same liquid. Compare the 
densities of the two cylinders 4 and B. (Ans. 1:3) 


16. A tube 2m long and closed at one end is half filled with mercury and is 
then inverted with its open end just dipping into a mercury trough. Find the 
height of mercury which will stand in the tube ifthe reading of the barometer 
is *75 m. (Ans. ‘31 m) 


(Hint : P,=-75, Vz=1 a m?;Py=(¢—%), Va=(2—x)0 m?, Use, P, V, =P,Va] 
17. A column of mercury 10 cm long is contained in the. middle of a hori- 
zontal 1 m long tube which is closed at both ends. Both the halves contain air 
at a Pressure -76 m of mercury. By what distance will the column of mercury be 
displaced if the tube is held vertically ? í 
„int : Pi=-76, V,=(-5—05)=-45a ms, IFP,’ and P,’ are the pressures of 
air imprisoned in the upper and lower Portion of the tube then P,’=P,’+"1 and 
volume (V,) of upper Portion=(-45+-x) a m? and volume (V,) of lower portion= 
(45—x)a m*. Then use P, V,=P4V,,] (Ans. 3 cm) 
18. Find to what depth a diving bell* must be lowered into water in order 
that the volume of the air enclosed may be reduced by one quarter, the length 


Of the bell being 3 m and the atmospheric pressure +76 m of mercury and relative 
density. of mercury=13-6, (Ans. 3°445 m) 


m? is sunk mouth downwards below 
ust it be sunk so that +75 x 10-‘ m? of 
tmospheric pressure=10' Nm- and 
(Ans. 2 m) 

20. At what depth in a lake will a bubble of air have one-half of its volume 
which it will have on Teaching the surface ? The height of mercury barometer at 


the time is +76 m of mercury and relative density of mercury=13°6 and density 
of water=1000 kgm-, (Ans. 10:34 m) 


21. A faulty barometer 


(Ans. 73°67 cm; 80 cm) 


[Hint : A faulty barometer is that which contains a little air in the space 


above mercury in the tube.) 
= 


P a diving bell as a very big inverted cup pushed well below the water 
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22. The height of a mercury barometer is 75°6cm. The barometer tube has 
across-section 1 cm* and the volume of the enclosed space above the mercury 
surface is 10 c.c. One c.c. of air at atmospheric pressure is introduced into the 
tube. Find the change in the reading of the barometer. _ (Ans. 70°6 cm) 


23. The height of a mercury barometer is 76 cm at sea level and 50 cm at the 
top ofa hill. Determine the height of the hill. (Densities of air and mercury are 
1:36 kgm? and 13°6x 10° kgm™*) 

[Hint : Difference of pressure=76 cm—50 cm=26 cm of mercury 

='26 x 9:8 x 13°6 x 10° Nm? i 
=pressuro due to h metre of air 
=hx9°8x 1°36.) (Ans. 2600 m) 

24. The height of a faulty barometer is 75 cm and the tube above mercury is 
10 cm long, the correct barometer reading 76 cm. When this barometer reads 
14 cm, find the true barometer reading. (Ans. 74°99 cm) 

25. The neck and bottom of a bottle are 2 cm and 10 cm in diameter 
tespectively. If, when. the bottle is full of oil, the cork in the neck is pressed 
with a force of 1 kg, what force is exerted on the bottom of the bottle ? 

(Ans. 25 kg) 

26. In a Bramha’s press the areas of two plungers are 2 cm? and 60 cm? 
respectively. The pump plunger is worked by a lever whose arms are 5cm and 
15cm. If the end of the lever is raised and lowered by 30 cm at every stroke, 
find the number of strokes required to taise the press plunger by 2 cm. ; : 

` (Ans; n=30 strokes) 

27. A pump in the basement of a garage is used to operate a hydraulic jack 
on the first floor, The areas of the two pistons are 5 cm? and 375 cm’ respectively 
and the large piston is 3 m higher than the other one. How great a load can be 
lifted by a force of 10 kg applied to the lower piston ? (Ans. 637:5 kg) 
? 28, The pressure inside the receiver of an air pump is reduced to } of the 
initial pressure after 3 strokes. What will be the pressure after 8 strokes ? 

(Ans. 2, of initial pressure) 


i 29. Inan air pump, the volume of the barrel is 75 of that of the receiver. If 
in the beginning the air in the receiver be atmospheric pressure, find tho pressure 
in the receiver after 4 strokes. ` (Ans. *68 atm) 

30. Air is forced into a vessel by a compression pump. The barrel of the 
Pump has 1, of the volume of the vessel. Calculate the density of air in the 
Vessel after 15 complete strokes. (Ans. 2°5 times initial density) 


31. The cylinder of a water pump is 4 m above the surface of water in a well. 
If the radius of the cylinder of the pump be 5 cm, calculate the force acting on 
the piston while the pump is working. (Density of water= 1000 kgm-*.) 
[Hint : Force=area x pressure due to 4m high column of water.] 
(Ans. 308 newton) 


, 32. The barrel of a common pump (pump for water) is 50 cm long and its 
bottom is 6 m from the surface of water. If the cross-section of the thinner pipe 
joining the barrel with water in well is ,8, of that of the barrel, find the height of 


the water in the pipe after first stroke. (Water barometer is 9 m high.) 
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$ [Hint : Initial volume of air imprisoned in the pipe= $, 4X6 where A=area 
of cross-section of barrel, initial pressure=9 m of water. 


7 Faa 25i 33 A 
Final volume=A xz +744 x (6—x)J=A T4 —7)= 14 (25—33). 


Final pressure=(9—x) m of water. Use now P,V,;=P,V2] (Ans. 13 m) 


33. A vessel is filled with mercury which is‘9 m deep. Could the vessel be 
completely emptied with the aid of a siphon ? Ifnot, to what extent can it be 
emptied ? (Height of mercury barometer is *7 m) 


(Ans. Because condition for working of siphon is that h, be less than the 


height of corresponding liquid barometer, hence it can be emptied only “7 m 
of it.) 


(8) 


34. A canal lock gate is 4 m broad and depths of water of the opposite sides 
of the gate are 5 m and 2 m. Find the resultant thrust on the gate and the torque 
tending to turn the gate about ‘its base. Density of water=1000 kgm and 
g=9'8 ms-?. (Ans. 411600 newton; 764400 Nm) 

35. To what height a cylinder must be filled with a liquid so that the thrust on 
the side may be equal to the thrust at the bottom ? 

(Ans. Fill to a height equal to the radius of the cylinder) 

36. Two identical cylindrical vessels with their bases at the same level contain 
a liquid of density p up to heights h, and h, respectively. Find the work done by 
gravity in equalising the levels when the two vessels are connected. (Area of the 
base of each cylinder is A.) (LI.T. 1981) 

: [Ans. 1pA (ha—h,)'8] 

37. An iron shell loses half its weight in water. What portion of its volume is 
hollow ? (Relative density of iron=7:5) (Ans. 34) 

38. A cylinder of relative density *7 is -5 m high and the radius of the base 
1m. It floats in water with its axis vertical, Find the length of the axis of the 
cylinder inside water. What force is needed to raise it by 1} cm? Density of 
water= 1000 kgm—. (Ans, ‘35 m; 308 newton) 


; 39. A ship with cargo sinks by x when she goes into a river from the sea, She 
discharges cargo and rises by y and proceeding again to sea she rises by z. If the 
sides of the ship be assumed to be vertical to the surface of water show that 


relative density of sea water is may assuming relative density of river 


water 1. 


40. A beaker containing water (weighing 150 gm) is placed on the left pan of 
a balance and a stone of mass 50 gm is placed on the same pan outside the 
beaker and the two are counterpoised by putting 200 gm on the other pan. 
(a) Now the stone is put in the beaker. Will they weigh same, more or less? 
(b) If the stone is suspended by a thread to an external support and is allowed 


to sink into water without touching any part of the beaker, what weight will be 
required to restore balance ? (Density of stone=2000 kgm-*) i 
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[Ans. (2) They weigh the same. When stone is put in beaker the level of 
water in beaker rises and so thrust on the bottom increases as much as there is 
Joss in weight of stone. (b) 25 gm more will be needed to restore balance.) 

41. A beaker containing water is placed on the pan of a balance which shows 
a reading of 200 gm. A lump of sugar 75 gm and volume 30 c.c. is now 
suspended inside water of beaker from an external support without touching any 
part of it. (a) What will be the reading just when the lump of ‘sugar is immersed ? 
How will the reading change as time passes on ? (by What will be the initial 
reading if lump is simply dropped gently into the beaker and how will the reading 
change ? 
3 [Ans. (a) 230 gm; reading will increase up to 275 gm. (b) 275 gm; no change 
in weight,] 

42. A boat floating in a water tank is carrying a number of large stones. If 
the stones are unloaded into water, what will happen to the waterlevel ? 

( (Ans. The level will fall) 

_ (Hint : Assume the initial height of level H and the length of the boat 
immersed ‘in water h. Apply law of floatation. Find the volume of water in the 
tank. Repeat the same after a stone Piece is unloaded, The stone will sink to 
the bottom. 


Assume the above quantities to be H’ and h’ respectively. 
Make use of the fact that the volume of water remains constant. 


H-H' =} 21) where V=volume of stone, A=area of cross-section of 
w 


tank, pe=density of stone and pw=density of water.) 
43. A beaker full of water up to the brim contains a piece of ice floating in 
water, Will water spill as ice melts ? (Ans. No) 


[Hint : In the process total mass (mass of ice+-mass of water) remains 


constant. Show that H= M+™ „here M is the mass of water, m=mass of the 


Apw 
ice, A=area of cross-section of the beaker and pu=density of water. Obviously 


itis a constant.) 
44. A man in a boat drinks water from a lake. Will the level of water of 
the lake fall or rise ? (Ans, No change in water level) 


[Hint : Same as in Prob. 42.] 


1 45. An empty boat collects a stone lying at the bottom of a lake. Will the 
evel rise or fall ? (Ans. The level will rise) 


(Hint ; Same as in Prob. 42.) ; 
46. In problem 43 if the ice Piece contains a brass piece, will water spill 
bes (Ans. Yes) 
(b 47. In problem 43, what difference will be observed (a) if hot water is taken, 
) if water at 4°C is taken ? 
3 [Ans. (a) no overflow, 
8. In problem 43 if the ice piece contains a cork piece, wi 


(b) there will be overflow of water] 
1l water spill out ? 
(Ans. No) 
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49. An ideal gas is trapped between a mercury column and the closed lower 
end of a narrow vertical tube of uniform bore. The upper end of the tube is 
open to the atmosphere (atmospheric pressure=76 cm of mercury). The lengths 
of the mercury and the trapped gas are 20 cm and 43 cm respectively. What 
will be the length of the gas column when the tube is tilted slowly in a vertical 
mperature to be constant, 

(I. I. T. 1972) 

(Ans, 48 cm) 

50. A vertical cylinder of total length 100 cm is closed at the lower end and is 
fitted with a movable, frictionless, gas-tight disc to the other end. An ideal gas 
-İs trapped under the disc of negligible mass, Initially the height of the gas 
column is 90cm when the disc is in equilibrium between the gas and the 
atmosphere. Mercury is slowly poured on the top of the disc and it just starts 
overflowing when the disc has descended through 32 cm. Find the atmospheric 
Pressure. (Ans. *761 m of mercury) 
densities 800 kgm— and 
ation is immersed in water. 
(Ans, 0°49 newton) 


51. Two spheres each of volume 250 cc but of 


1200 kgm-3, are connected by a string and the combin: 
What is the tension of the String ? 


52. A long wooden 
(a) if the relative density of the wood is 0-5 


CHAPTER 16 


EXE YDRODYNAMICS : BERNOULLI'S| THEOREM 
AND VISCOSITY À 


A Bernoulli's theorem : If an. incompressible liquid free from 
yiSCoOus forc flows slowly and steadily through a tube of varying 
cross-section and height above the ground, its total energy per unit 
mass remains constant. : 


J pgh =a constant. 
2 p 


En horizontal flow, A remains constant. 
Hence in horizontal flow, 5 v2.2 =a constant. 
p 


Further since liquid is incompressible, rate of mass flow or 


votnunre flow across any section must remain constant i.e. O1%1=2Ve- 
This is known as equation of continuity. 


2. Viscosity and coefficient of viscosity : The property of a liquid 
by virtue of which it opposes the relative motion between its 
ifferent layers is known as Viscosity. 


According to Newton. viscous. force acting tangentially on any 
layer is proportional to (i) A, area of the layer; (ii) v», velocity of the 


layer; (iii) = where x is the distance of the layer from the stationary 
Solid surface over which liquid is flowing.t 
ono Ay 


Fo-—s 
x 


The minus sign indicates that the direction of the force is 
Opposite to that of motion of the liquid. 


ES ane, Here n is a constant of the liquid called co- 


efficient of viscosity. Now E ) spa an of velocity - 
x! 


ae y 
‘with distance and hence it may be written as g 
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dy 
F= nA z 
dy =I 
=1m'%; =li, 
Put A=1 m?; ig 
Then F= —n. 


Thus: coefficient of viscosity is the viscous force per unit area ofa 
liquid layer where velocity gradient is unity. In SI its unit is newton 
Second per square metre Nsm-~), 

3. Weide of flow eae: a capillary tube: The rate of oa 
of a liquid through a tube is restricted by its viscosity. ssi Ke 
flow more rapidly through a tube than glycerine. The ‘rate o 
volume flow’ through a narrow tube is given by 


ye » Where P=difference in pressure between the ends of 
n 


the tube, 7 =length of the tube and r=radius of the tube. 

4. Critical velocity and Terminal velocity: When a liquid flows 
through a tube slowly and steadily its motion is said to ibe 
Streamline if its velocity at each point in the path of flow remains 


unchanged in magnitude and direction with time. If, ra ae 
velocity is gradually increased a Stage will come when thë flow wi 


cease to be ‘streamline’ and become ‘turbulent’. The velocity at 
Which flow of a liquid through a tube passes on ftom’ ‘streamline 
motion’ to 


‘turbulent motion’ is called “critical velocity’. It depends 


on density and Viscosity of the liquid and radius of the tube. 
Vi a 
pr 


where k is a constant called Reynold’s number = 


5. Terminal Velocity : 
Viscous liquid, it experi 
body this is given by 


vy=velocity of the body. 


the driving force. The two forces now 
body moves with a uniform velocity 


already acquired by it. This velocity is called Terminal velocity, 
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“Kerminal velocity of a spherical body moving through a liquid 
tader gravity : 


Eere the force driving the body downward 
=weight of the body — buoyancy 
_4n s o At 3 _Ats = 
Ta PB ag PSs x p)g 


Where o=density of the body, p= density of the liquid, r=radius of 
the body. ; 
By Stokes’ law, viscous force on the body=6mnrv. 


When terminal velocity is acquired, the driving force and the 
viscous force balance each other. 


6nnrv= Trio- p)g 


or ise lade em pg. 
J n 


EXAMPLES 


Ex. 1. Water is flowing through a pipe of non-uniform Cross- 
section. The speed of flow is 25 ms™ at a section of radius 3 cm. 
Fired the speed at the section of radius 2 cm. 

Sol. In the flow of incompressible liquid we have 
047, = Gye, principle of continuity. 
n(3 x 10-2)? x -25=n(2 x 10-*)? X Ve 
v= 56°25 x 107 ms}. Ans. 
Ex. 2. A tank of water is filled up-to 1 m. A small hole is 
drilled at its bottom. Calculate the velocity of efflux of water through 
the hole, 


or 


__ Sol. Consider two tranverse sections 'of the liquid : (i) at the top, 
C43) at the mouth of the hole. 


At the top kinetic energy is zero and at the bottom potential 
energy is zero, 


Eee nt = >" maes where P is the atmospheric pressure 
P p 
A v=4/ 2gh. This is the velocity of efflux. 


r= of gh = VIKTOR 1 = VORA 44S BS ABS 
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Ex. 3. A large bottle is fitted with a capillary siphon. Compare 
the times taken to empty the bottle when it is filled with (i) water, 
(ii) petroleum of relative density ‘83. The viscocity of water and 
petroleum are ‘001 and ‘002 SI unit respectively. Density of water 
= 1000 kgm. 


Sol. We have for flow of liquid through a capillary tube 


4 
V (rate of volume flow) = 7? J 
8y/ 
But’ P-=hpg and Ye. where Vy=volume of the bottle. 
Vo_ thogr4 
t 8nl 
Though h will change as the liquid flows out it is same for both 
the liquids. «.*, 7 ci because the rest are all same for both the 
liquids. BS toe. 


hh _% Pa “001 8x 1000 _ 2 
tn. pr ‘002°. 1000. 5° wet 


Ex. 4. Two equal drops of water are falling through air with a 


steady velocity of 10 cm per second. If drops coalesce, what will be 
the new velocity ? 


Sol. The terminal velocity is given by 


yo 2 Mpg. 


a vor®, or y=kr? 


10x 10° =kr? o Ely: 
When the two drops coalesce mass remains constant. 
Mie Rio, or R= 25, 
If v be the velocity of drop formed then 
v>k.Rè?=k2fr? 
v kr?25 H 


ERS ee tcl cade sty My Df 
10x10 ~~ Ga 2 


y= 28x 10x 10-8 15°88 10-2 ms. Ans. 
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Wx. 5. A cylinder of radius 10 cm is filled with a liquid up to a 
hig Fet of 20cm. Calculate the time in which the cylinder will be 
emptied half by a capillary tube of length 10 cm and radius 1 mm. 
Viseosity of liquid="5 SI units. Density of liquid=700 kgm, 


Sol. Let 4=area of vessel; h=height up to which the vessel is 
fled with liquid initially. 

Let the level go down by x in time t. 

Then at time t height of liquid=h—-x. 


-~. Pressure difference between the ends of capillary tube 
=(h—x)pg. 


4 
--. Rate of volume flow at time t= Pui peL ` 
Fet the level further go down by dx in time dt, then rate of 
volume flow= X oei, where R=radius of the cylindrical 
vessel. 
RE = n(h— x)pgr* 
dt 8n? 
or Reds (h—x)pgr4 
dt Snl 
or ' ma SRI ae 
pert  h-x 
( a 8n R?I dx 
J pgr* h-x 
0 0 


8y R27 8y R? 
or T= h2 _ On : 
pert [—log(h—x)], = "pee Jloge2 


E t=8X'5x (10 x 10-*)*,(10 x 10) 


ef 700x98 x(x 10) Salah 


SOXKI5K2'3 X'3010 ange 
os aR a tdi, {x 105 s. Ans. 
TOR 10 =4x1 
EXERCISES 
(4) 


Æ- The velocity of fow of water in the main pipe of water supply is 1-0 ms. 
What is the velocity in the delivery pipe if area of cross-section of supply pipe 
is sãæ teen times that of delivery pipe ? (Ans. 16 ms~) 
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2. Calculate the velocity of efflux of kerosene oil from a tank in which 
Pressure is 410° Nm— above the atmospheric pressure. The density of 
kerosene oil is 800 kgm-*, (Ans. 31°62 ms~) 


[Hint : v= + 2gh. } 

3. The reading of a pressure meter attached with a closed water pipe is 
35105 Nm-*. On opening the valve of the pipe, the reading of pressure meter 
reduces to 310° N-*. Calculate the speed of water flowing in the pipe. 

[Hint : Use Bernoulli’s theorem.] (Ans, 10 ms~?) 

4. A metal plate 100 sq. cm in area rests on a layer of castor oil 2 mm thick 
whose coefficient of viscosity is 1°55 SI units. Calculate the horizontal force 
required to move the plate with a speed of 3 cm per second. (Ans. ‘2325 N) 

dv 3x10- ms- L45 A 
ae LA S r 

5. Calculate the critical velocity of water through a narrow tube of radius 
‘3mm. Coefficient of viscosity of water is ‘0011 SI units and density of water 
1000 kgm. Take Reynold’s number 1000. (Ans. 3°67 ms~?) 

6. Water is conveyed through a tube 8 cm in diameter ‘and 4 kilometre in 
length at the rate of 120 litres per minute. Calculate the pressure difference 
required to maintain the flow, Coefficient of viscosity of water=001 SI units. 


nmPr* 
| wm: v= (Ans. 7°96 x 10° Pa) 


a dy 
| am F=- Here 


7. Find the terminal velocity acquired by a steel ball of diameter 3'2 mm 
falling under gravity through an oil of density 920 kgm— and viscosity 
1'64 Nsm~. The density of stee Imay be taken as 7820 kgm=-?. 

(Ans, 2°35 10-2 ms) 

8. A steel ball-bearing, diameter 3 mm falls through glycerine and covers 4 
distance of 25 cm in 10sec. The sp. gr. of steel and glycerine are 7°8 and 1:26 
respectively. Obtain value for the viscosity of glycerine. Density of water 
=1000 kgm-", ` (Ans, 1:282 SI units) 

9. An air bubble of radius 1 cm is found to rise in a cylindrical vessel of 
large radius at a steady rate of *2 cm per second, If the density of liquid is 
1470 kgm-*, find its viscosity, g=9-8 ms—. 


2 ro- : 
| wie sna}. Tepe Here o=0 as. density of air is negligible in 


comparison to that of the liquid. Then n=, Be . The negative sign shows 


y 

that bubble is going up.) (Ans. 1:6 10? SI units) 
10. Calculate the velocity with which rain drops reach us if diameter of rain 
drops is 1 mm and viscosity of ait 18 10=* SI unit. (Ans. 30:2 ms~*), 


lA bubble of air of 2 mm diameter rises in a liquid of viscosity 075 SI 
gi and density 1350 kg per cubic metre, Find the terminal velocity of the 
ubble. (Ans. 3:96 x 10-® ms“) 
12. A vessel fitted with a horizontal capillary tube near its bottom is 
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alternately filled with two liquids of sp. gr ‘8 and “9. It empties itself in 40 
and 30 minutes respectively. Calculate the ratio of their coefficient of viscosities. 
(Ans. 17185: 1) 


(B) 


13, A vessel of cross-section 20% 10-* square metre has at the bottom a 
capillary tube of length 10 cm and internal radius "5 mm. It is initially filled 
with water to a height of 20 cm above the capillary tube. Find the time taken by 
the vessel to empty one-half its contents, given that the viscosity of water is 
001 STunits. Density of water= 1000 kg Per cubic metre, 

[Hint : See Ex. 5.] (Ans, 9 minutes 36 sec} 

14. A tank is filled with water to a height H. A hole is punched in the wall 
ata depth A below the water surface. Find the distance x from the foot of the 
wall at which the stream strikes the floor. Could a hole be punched at another 
depth so that this second stream would have the same range ? If so at what 
depth? [Ans. 2yA(H—h); Yes, a distance h above the bottom] 

51, In a horizontal oil pipe line of constant cross-sectional area the pressure 
decrease between two Points 300 km apart is 5000 pascal (1 pascal=1 newton per. 
square metre), What is the loss of energy Per unit volume Per unit distance ? < 


{Hint ; Loss in energy= 2 — Et because £ is pressure energy Per unit 


mass and loss in energy per unit volume=P;— P+] (Ans. ‘01667 joule) 
16, Show that a vessel filled with a liquid of density p up to A height A is 
emptied by a capillary tube exponentially with time according to the equation 
: x=h(1—e-*t) where k is a constant 
head on the radius of the vessel and the tube, Coefficient of viscosity and 
ensity of the liquid and the length of the tube. Assume the tube to be 
connected at the bottom of the vessel. : i 


ooo 


N. E, P12 


CHAPTER 17 
ERRORS AND THEIR MEASUREMENTS 


1. Kinds of error : All experimental measurem:2nts involve certain 
uncertainty or error. We cannot make our mzasurements with all 
certainty and claim that measurements are hundred per cent accurate 
because neither instruments may be supposed to be ‘perfect’ nor any 
experimenter may be ‘perfect’. Hence errors. in measurements. are 
to be taken as natural as anything else. 

There are two types of errors—(i) systematic and (ii) non- 
systematic or random. ; 

(i) Systematic error : Systematic errors are thoss which creep in 
measurements in a regular way dus to imp2riection of instruments, 
improper adjustment, neglect of som: factor etc. W e can always find 
the cause of such errors and dus attention may be paid to them and 
minimised, : 

(ii) Random error : These are errors which creep in due to 
unkonwn causes beyond the control of the experimenter. These 


errors are inherently random in nature and heace are to be treated 
by Statistical methods. 


2. Propagation of errors : Sometimes we measure certain 
quantities and make calculation of something with the help of 
measured quantities. For example, in a simple pendulum we 
measure length and time of the pendulum and hence make 
calculation of g. 


Errors in the measurement of observed quantities lead to error 
in the calculated results. This is called propagation of error. 

(i) If C=A4B, AC=AA+AB. 

That is, the absolute error (not th> percentage error) in a sum oF 


difference of two quantities is the sum of the individual absolute 
errors of the quantities. 


(i) IfFC=4xB or £ ASAA AB 
AC 
ee 


x 100= 44. AB 
Oe od x 100+ p X 100. 
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That is, the percentage error (not the absolute error) in a product 
or quotient of two quantities is equal to the sum of the individual 
percentage errors of the observed quantities. 


For proof of the above relations, see author’s Introductory 
Physics Part I, chapter 17. 
3. Computation of ‘error’ in a physical quantity : 


Three errors are defined : (i) average error, (ii) standard or root 
mean square error, (iii) probable error. 

Average error : Let x1, Xa, Xs- - -Xn be the result of n observa- 
tions, n being very large and x be their arithmetic mean. Then 
Bo b2=%y—%, S= Xe— Ap ees Sn=%n—X are called devia- 
tions or residuals of x. The deviations or residuals may be positive 
or negative. 


The average of mod of deviations is defined as the average 
deviation or error. 


dA 1 4 
3 (average deviation)= or | + | 8214 [i Bead lên, 
Standard deviation (S; D.) or r.m.s; deviation is defined as 
i E E gi ee 
7 [eee aoe 
n ne 


The Standard deviation of a physical quantity from a ‘sample’ 
of observations, say 10 observations only is given by 


Average deviation of the mean= 

a/n-1 
4, Propagation of standard deviations : 
0) If 4=B+¢, 


o= op + So". 
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(i) If A=BxC, 


2 2 2 


G) -E)E 
DE 


2 2 2 
i 3H Sa \ _ (on 2(Sc\ 
(iv) If A=B"C? then (2:) m 3) +n Fe) 


(iii) If A= B/C, 


For proof of the. above relations, see author’s Introductory 
Physics Part I, chapter 17. 


5. Significant Figures’: The number of significant figures in the 
measurement of a physical quantity is an indication of its relative 


accuracy. 260 cm implies 3 significant figures and 26 cm implies 2 
significant figures. 


6. Addition (subtraction) and multiplication (or division) of physical 
quantities of different significant figures : Addition or subtraction of 


physical quantities of different significant figures should be carried | 


only up to minimum places of decimals. To add 21:8315 to 0'13, 


proceed only up to second place of decimal.: It is 21-86 after the 
usual procedure of rounding off; 


In a multiplication or a division, the number of significant figur z 
in the result should be equal to that combined, in the factor which 
has the least number of Significant figures. The multiplication 


11:232 by 10:2 should be of 3 significant figures after the usual proce- 
dure of rounding off, It is 115, 


The number of significant figures in the errors should’ be the least 
number of significant figures of the components, 


EXAMPLES 


Ex. 1. A student takes ten readings for the focal length of a convex 
dens and he finds 16°20, 15:90, 15:98, 16-01, 16°03, 15:90, 15°93, 16°30, 
16°25 and 16:00. Calculate the following : 


(i) Average error, (ii) Standard deviation. 
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ED I het, (ast 
16-20 +115 “15 225 x 10+ 
15-90 —15 “15 225 x 10-4 
15-98 —07 07 049 x 10-4 
16-01 —:04 :04 016x1074 
16-03 16-05 sty) 02 004. 10-4 
15°90 bass 1) "15 225 x 10-4 
15°93 nie) 12 144 10-4 
1630 +25 “25 625 x 10-4 
1625 +'20 -20 400 x 10-4 
160 =:05 05 025x 10-4 

_ = ee eee 
= | Ape erg H(A f)2= 1938 x 10-4 
pe ZbAL LY = PA. ` Ans, 
n 10 


om, ZOI- JPE 1461x1001: Ans. 


n—1 


Ex. 2. The measures of length and breadth of a@ rectangle are : 
7 — (300 +2) cm and b=(10°0 $'1) cm. What is the percentage error 
and absolute error in area ? i ) 
Sol. We have, length =30°0 4£'2=30°0 +67% 
breadth =10°0 £°1=10°0£1% 
Area = length x breadth. 
Since in a product % errors get added, 
a Area= 300-1 1:57 =300 £5. 
(i) £167, (ii) +5 em’. | Ans. 
Ex. 3. The measure of the radius of a sphere is (300 £2%) om. 
Calculate the percentage error in volume and area. Also calculate 
2b Solute error in volume and surface area. 


Sol. We have, v=% Peg = 3r2ar. 

aY Anr ór. _4nrtor _ 300 

VV Ant 
Y error of volume =3 x % error of radius =3 x:2="6%- 
Volume of sphere =(113-°6%) m° =(113+'7) ċm’. 
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We have, S=4nr?; .. gS =4n2rar 


a aS _2ndror _ 2ôr 
Snr? r 
% error of area=2x % error of radius=2 x 2 =*4; 
S=(113+'4%) cm?= (11345) cm2, 
6%, ‘7 cm? and *4% and ‘5 cm, 


Ex. 4. Show that the percentage error in the measurement of 
resistance by a metre bridge is minimum when the null point is near 
about the centre of the wire. 


Ans. 


Sol. The working formula for 


the calculation of unknown 
resistance in a’ metre bridge is 


ee — 
Rv toate) 8 FG E 
AX = Rafl(100—1)-1] = Ral(100 — 1)-3-+. Rle( 100 — 1)" 
Sat 9s Ral oS o 
~G00—1 * (i00— pe” (ignoring — sign) 
eX__ Ral, Ral 
X ~~ (00—HxX "G0 —pex 
BORN) Sisk ne 1 
ST D =a (+ r 
ax 100 ay alx 100? 
or = = D ai 
x loy OF x10 700-1) 


Obviously % error is minimum when /(100—/) is maximum. 
Now, (100 —/) = 100/—/? = 502— 50241007- }2 
or 1(100—1) = 502- (50—72 
~.  1(100—1) is maximum when (50-1)? is minimum. This is a 
Positive quantity, its minimum value is zero, 
% error is minimum when (S0—1)?=0 or 1=50. Proved. 


EXERCISES 
(A) 


1. A student makes measurement of the diameter of a wire by a screw gauge 
and he finds the following readings : +38, -40, “39, °37, +41. +40, +38, +39, -40 and 
“41mm. Calculate average error and Standard deviation of his measurement, 

j < FAns. (i) -011, (ii) +013] 


J e focal length of the same 


Two students 4 and B make measurement of the 
ens : 


— 
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Readimasof A: 16°35, 16:30, 16°27, 16-35, 16°50, 16°25, 16°30, 16°50, 16°20 
amd16-40 cm. 
Readings of B: 15°83, 16°38, 15°88, 16°22, 16°30, 16°43, 16°00, 15°80, 16:40 
mil6-30. 
Whose measurement is more reliable and why ? 
Gms- S.D. of 4='100 and S. D. of B="250. Hence readings of A are more 
$ reliable than that of B.) 


3, The ammeter and voltmeter connected in series and parallel with a resistor 
rad aS follows: 

Voltmeter 2:50 2-00 1:50 1:00 0°52 

Amameter 0°52 0:42 0:29 0:21 0:10 

Write arcport abcut the resistance of the resistor in terms of S. D. 


|H@r2zr = Calculate R using Ohm’s law formula, Rae and then proceed as in 
Ex, 1-7 [Ans. Resistance of resistor is + (4:94+'22) ohm] 


4. Time of fall of a body=(10°0+'5) sec. 
Acceleration due to gravity=(9°80+ +02) ms™?. 
What are (i) percen tage error in the distance described, 
(ii) absolute error in the distance described ? 
(Ans. % error= +10°2; Absolute error= +50 cm) 
5. Mas of a body=(10042%) kg, 
Wolume of the body=(10+3%) m°. 
What are (i) the percentage error in density, 
(ii) absolute error in density 2 5 
[Ans. (i) £5% Gi) +5 kg m™) 
6- The measures of the length and breadth of a rectangle are (30+3%) m 
ad C10-0+:5%)m. Calculate percentage error in the perimeter of the rectangle. 
(Ams. 24%) 
{ZI žrz! : Perimeter=2 (length breadth).} 
7- Ena simple pendulum /=(100:0+'5)cm and t=(2'00+:01) 5e. What is 


the Percentage error in g ? (Ans, +1°5%) 
S. The modulus of rigidity of a wire is given by the formula 
| nmr’ 
: Wg= pies 


WV at of these quantities should be measured very accurately and why ? $ 

C Ams. Radius 4’ because the greater the power of a quantity the greater 1s the 
propagation of % error in the estimated quantity.) 

æ. Show that the percentage error in the measurement of m/B by deflection 
asec tometer is minimum when deflection is near about 45°. 


®) 
sin AFD 
2 
MERS. | 
sin 7T 


BO- Ina prism p= | Find the formula giving propagation of 
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error in u due to error in A and D., 


1i. The Voltage across a resistor 8:0 +0-2 volt and the current through it is 
(3'8£0'1) ampere, What is the power consumed ? The errors quoted are the 
Standard deviations in the measurements, (Ans, 30°4+1-1 watt) 


ba Cw Ni AN Ad 
| eine: uso Wara aaa (5 (5) +{ 7 l 
12. Calculate the volume of a sphere of radius (3:0 £0-1) cm, if, the error 
quoted is the standard deviation in the measurement, (Ans. (113+ 11) cm] 


[mres (Yon) 


000 


HEAT 
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THERMOMETRY 


1, Perfect gas scale: A scale of temperature is defined. by some 
property of matter. The scale of temperature defined. by ‘expansion 
property of a perfect gas’ on heating is called perfect gas soale, 

For a perfect gas we have Vi=V (1-a) where a is the coefficient 
of expansion of a perfect gas at constant: pressure and fis the 


temperature on centigrade scale. At t=-1°C, Vin0., ahs 


temperature at which volume of any gas will become zero is called 
absolute zero on this scale and the temperature of a body on this 
scale is called its absolute temperature, The temperature on absolute 
Seale is written by T°. S 


T (temperature on perfect gas scale)=t+ 2, 
Where 1 is the corresponding temperature on centigrade. 


For a perfect gas a= 
perfect gas a = 79345" 

T=t+273'15. ii 
2. Thermodynamic scale or Kelvin scale : Kelvin defined a scale 
of temperature making use of the fact that efficiency of an ideal 
Carnot engine depends only on the temperatures between which it 
Works and does not depend on the working substance of the engine. 
This scale is called kelvin scale of thermodynamic scale of tempers 
ture. It is this scale which is adopted in SI system. The’temperatute 
_ Of a body on this scale coincides withthe temperature of the same 
dy on perfect gas scale, Hence, whatever is the temperature of a 
Ody on perfect gas scale that is also temperature of the body on the 


t rmodynamic scale, 


;, KA The Degree Celsius (°C) : The old centigrade scale of tempera- 
Ure used the ice point at 0°C and the boiling point of water at one 
atmospheric pressure as the upper fixed point as 100°C. Te 

sius scale temperature is the same scale of temperature with. or 
zero shifted to the ice point on thermodynamic scale which is 
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273;15°K. Therefore if T°K be the corresponding temp, of 60°C on 
the thermodynamic scale then 0=T— 27315. 


Henceforth by ‘°C’ we will mean celsius scale and read it as 
celsius and ‘K’ as kelvin. 


4. Constant volume thermometer : In a constant volume 
thermometer, volume is kept constant and pressure is measured at 
the ice point (0°C) and at the boiling point of water (100°C) at 
normal pressure. The unknown temperature on celsius scale is giver 


by tai Po 100; 
q ‘100 — Po 


5. Constant pressure thermometer : In this thermometer pressure 
is kept constant and volume is measured at the ice point and at the 
boiling point of water at normal pressure, The unknown temperature 


on celsius scale pe ore. x 100. 
; Vioo— Vo 


6. Platinum resistance thermometer: The resistance of a platinum 
wire at any temperature t°C is given by 


R= R, (1--at-+-B#2) where Ro and R; are resistances at 0°C and 
1°C and a, B are two constants called first and second temperature 
Coefficient of resistance. The resistance of the wire is measured at 
the ice point (0°C), boiling point of water (100°C) at normal 
Pressure and boiling point of sulphur (444°4°C) at normal pressure 
to calculate the unknowns a and B. 


To simplify the process of calculation a new, scale of temperature 
is defined on the simplified formula Ri=R, (1--at) and it is called 
the platinum scale. The unknown temperature on this scale is 
given by Ri—Ro 
100. 


The correction required is given by 


correction=t—tp=s(—t \f t _ 
4 (T io 1) 


100? 


where = Ta 1008 The value of § is 1'5 for pure platinum. 


Lg 
f 
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B eaea if X is any property, and Xe be its value a8 the triple 
point, tae enforcing a linear relation of it with abolute temperature 
Twehanz— onthe thermodynamic scale 
p= -Š x 273 16K 
: Xir 
adon tae celsius scale 


PEATA x 100°C. 


X17440 
This temperature is not the correct value of the unknown tem- 
paire- Hence the scale is calibrated against the éyniversal perfect 


psal? — to find the correct temperature. This is exactly what is 
dnia >2Ratinum resistance thermometer. 


EXAMPLES 


Ix. Æ- The pressure of air ina constant volume gas thermometer 
Spa ered 1093 m at 0°C and 100°C respectively. When the bulb is: 
placed Zre some hot bath, the pressure is 1m. Calculate the temperature 
ofthe Bara. Ri ; 


So Wehave, t Pi Po x100: 
o Pioo— 2o 


pa 18i 52100 268°3°C. Ans. 
1093 —"8 
Ex- Z. The resistance of a certain platinum resistance thermometer 
ifozeracd tobe 256 ohm at 0°C, 3°56 ohm at 100°C and 6°78. ohm at 
Mie GS <<, the boiling point of sulphur on gas scale of temperature 
Cileze Zez£e the temperature of the bath in which the platinum resistance 
is5-Q@ ohm. 


Sol. We have, _ Re=Ro_ yy 100, 


Rios 0 
pes perature of sulphur point on platinum scale is 


6°78 — 2°56 

{2° SSS = 422. 

; 2130A i 
Ft t actual temperature corresponding to boiling point of sulphus 

is 444-6, piss 


| EI Ence from t-t TE 
2- 2:100 \ 100 
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De T EAD o oe -1) 


100 100 
22'6 
= =1°48. 
is è= FAG x3 446 
Temperature on platinum scale is 
5:06 —2'56 
= =250. 
ty 5562756 % 109=2 


Calculation of correction by the method of _ successive 
approximation : As first approximation, let us put ¢= tp=200. 


Then correction = 1°48 x 289 (98-1) = 1°48 X2'5 x 1°5 =5'55. 
Correct temperature after Ist approximation = 250+5°55 


=255'55. 
For second approximation we put t=255°55. 


ve $ 255°55 /255:55 
Correction = 1°48 x 00 (I0 T 1) 
= 1°48 x 2:556 x 1:556 =5 87. 
Correct temperature after 2nd approximation = 25587. 
For third approximation we put ¢=255°87. 
Correction = 1°48 x 2°559 x 1:559 =5°89. 
Correct temperature after third approximation =255°89. 
Thus after third approximation we get sufficiently steady value. 
Hence correct temperature is 255-89°C. Ans. 
Alternative method : Assume any two temperatures near tp and 


ealculate ty corresponding to them using. correction formula, We 
illustrate the whol- process : 


Let us assume t=250. 


Then, 250 — ty =1'48 x 289 (250 — 1) 
=1°48x.2:5 %1°5= 5°55; 
tp=244-45, 
“Next assume t=260. 
‘Then, 260 — tp = 1°48 xX 2'6 x 1'6 = 6°16; 
ibid n o typ=253°84. 


Thus we have, when tp=253:84, t=260 
tp=244-45, t=250. 
With this at our hand we have to answer—->when f,=250, t=? 
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Difference of tp by 9°39 = Difference of t by 10; 


pe 10 
” 2” 23 le 2 ” 2 939 
” » » 3845 » » ” 10x3 BA =409. 


Correct temperature=260—4°09 = 255:91°C. Ans. 
Ex. 3. If the ideal gas temperature at the steam point is 373°15°K, 
what is the limiting value of the ratio of the pressures of a gas at 
the steam point and at the triple point of water when the gas is kept 
at constant volume ? 
Sol. On the ‘pressure property’ of an ideal gas 
T=2 x273'16°K. 
Py 
But gases in real existence are not perfect. They become perfect. 
as they. become thinner and thinner that is, their volume tends to: 
infinity and pressure tends to zero. Hence the above result correctly 
treads 
! T2316 lim 2 
Pig? Pus 
373:15=273:16 lim Psteam 
Pugs? $ ir 


or lim Boteam _ 379/15, ' Ans. 
Per be primes Fe 


Ex.4. The susceptibility of @ paramagnetic gas yaries as “=F 


where T is the absolute temperature of the substance. If the value 

of its susceptibility at the triple point is 140x 10-8 and at unknown 

temperature 428 x 10-8, what is the unknown temperature defined on 

this property (call it ‘magnetic scale’) 2. What is the correct tempera- 

ture on the absolute scale ‘and celsius scale ? ` 
Sol. On the susceptibility property 


sea wag gay po SB Maso 78 162835." “Ans. 


Xty 140 «10°® 
6 igo eae dg 140x10 973-16 = 89°35° 
x= T=—% x 213'16= rg 0-8 * K. 
fe T2135 = 89°35 +21315= = 183'8°C. 
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Ex. 5. A certain platinum resistance thermometer kes a resistance 
of 90°35 ohms when its bulb is placed in a triple-point cell. What is 
the temperature on the platinum scale when its resistance is 96°28 
ohms? What is the correct temperature on the celsius and thermo- 
dynamic scale if the resistance varies.as R=R,(1+-004 t) ? 


Sol. T= E X27316 = 282% 273-16529109, Ans. 
R= Ra (14004 t), 96°28 =00'35 (1-1-0042) or £= 16-410C. 
T=14273152 16-41 1273:15 2809-56°K. nil 

EXERCISES 
(A) 


1. The pressures indicated by a constant volume hydrogen thermometer are 
12:235 m, °75 m and 1:024 m of mercury when the bulb is immersed in a hot bath, 
ice and steam respectively. What is the temperature of hot bath? (Ans, 524°C) 

2. The volumes of a perfect gas enclosed in the bulb of a constant pressure 
thermometer are 1 m? and’2 m' at the ice point and boiling Point of water at 
normal pressure. What is the temperature of the bath in which its volume 
is -75 m? ? (Ans. —25°C) 

3. The pressures indicated by a constant volume hydrogen thermometer are 
23:5 cm, 75 cm and 102°4 cm in liquid air, ice and steam respectively, What is the 
temperature of liquid air ? (Ans. —187:95°C) 


152x 10-? m of mercury. At 0°C the Pressure in the bulb is equal to that of the 
atmosphere. If the barometric height throughout the experiment is 7610-2 m 


| ate : Use formula P;=P, (1+ IFIS }] (Ans.+546°C) 


5. The resistances of a platinum thermometer at 0°C, 100°C and 203°C are 
found to be 3-5, 5-2 and6-9 ohm respectively. Find the temPerature in which 
the resistance of thermometer is 9-4 ohms. 

(Ans. Platinum Scale temperature =347'1 ‘and Correct temperature=360:2°C) 

6. The platinum wire has a resistance of 2 ohm at the temperature of melting 


ice, 2:778 ohm at temPerature of boiling water under standard pressure and 2:54 ` 


ohm at the boiling point of a liquid. Assume 5=1°5 for pure platinum. 


require any correction. (Ans, 0°C and 100°C) 
(B) 


8. A certain mass of gas has a volume of 3 10-! cubic metre when its press- 


wre is 1 mof mercury and its temperature is 0°C, When heated to 100°C, the 


` 
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volume of gas becomes 3-2 10-* m? and the pressure 1:29 m. What is the tem- 
perature when the volume is 3-3 10 m? and pressure 1-4 m of mercury ? 


(Hint: Use formula PV=RT where T=absolute temperature= Ht where. 


a=coefficient of cubical expansion of gas.] (Ans, 143:6°C) 

9. A platinum resistance thermometer has 11 ohm resistance at the ice point, 

15'247 ohm at the steam point and 28'887 ohm at the sulphur point (444:6°C). 
Find the first and second temperature coefficient of platinum. 

(Ans. a=3:92 x 10-K=-}; B= —5:89 x 10-7K-*) 

10. If the resistance of a platinum thermometer at 0°C, 100°C and at the boil- 

ing point of sulphur (444-6°C) be 3-6, 4°6 and 7°82 ohm respectively, calculate 

the true temperature at which the resistance of the thermometer is 6:6 ohm. 
i (Ans. 309:6°C) 
11. The magnetic suscep ibility of a paramagnetic substance changes with 


absolute temperature as x= ae when 7>223 and cis a constant. Derive an 
T—223° 


expression for celsius temperature t based on this property and establish the 
felation between ¢ and T. What is the value of ¢ corresponding to T=423°K ? 
Take ice point=273°K. 


[Hint : Use = AB Xo - x 100) Gans E Toot x 150; 112°5°C) 
00 


12. The thermo e m fs of a thermocouple at the triple point and at steam point 
ate 4 mV and 5:4 mV respectively. Calculate the temperature on the thermo- 
electric scale. What are the corresponding temperatures on thermodynamic and 
celsius scale if the variation of thermo e m fs is governed by e=014/+-4 when the 
€m fs are in millivolts ? (Ans, 368°77; 100°C, 373:15°K) 


oag 


CHAPTER 2 
EXPANSION OF SOLIDS, LIQUIDS AND GASES 


1. Expansion of Solids : (i) The. linear. expansion of a solid is 
given by /;=/,(1+-at), where'd is a constant called linear expansivity 
of the solid. o ; i 

Unit, K-t or °C, ` 

Gi) The superficial expansion of a solid is Se=So(1-+82), where $ 
is another constant called superficial expansivity. 

Unit, K- or °C, 

(ili) The cubical expansion (volume expansion) is given by 

Vi=Vo( 172) 
where y is a third constant of the solid called cubical expansivity. 
Unit, K-? or C 
Relation of a, B and y : B=2a and y=3a, 


2. Expansion ef Liqui¢s > In case of liquids there is no question 
of linear and superficial expansion; liquids have only cubical 
expansion. There are two cubical expansivity of liquids : (i) real 
expansion given by V;=Vo(1++7,#) and (ii) apparent expansion. giyen 
by Vi=V (l +108). 

Yr and Ya are related by the relation 

Yr=Ya+ 1g; 
where yg=cubical expansivity of vessel, 

Density variation with temperature : 

We have, Vi=V(1+yt), 

M (mass) =ViD;=VoD,, 
` Do=D(1-+yt). 

Weight thermometer : It is a device of determining y, and also 
yr provided yg is known or given. 


y mass expelled 
= OO 
mass remaining x rise in temperature’ 


Dulong and Petit’s method: This isa method of determining yr 
by balancing a column of liquid at temperature (°C against another 
column of the same liquid at 0°C by taking it in a U-tube, 


Yo 


i 
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3. Expansion of Gases : The expansion of gases is governed by 
external condition under which gas is heated. : 


At constant, pressure, V= Vo(1-+ tp!) where yp is a constant of 
gas called cubical expansivity at constant pressure. f a 

Unit+K-? or °C. 

At constant volume, Pe=Po(1+ vt), where yv is a constant called 
pressure expansivity of gas. 


The peculiarity with expansion of gases is that cubical expansivity 


whereas in case of ` 


‘ BS) 1 
f d 
of all ideal gases is the same and it Is TTS 


liquids and solids it varies from substance to substance, 


At constant temperature, PV=a constant. This is known as 
‘Boyle’s law’ and the above two are known as ‘Charles’ law’ and 
‘Pressure law’ or Gay-Lussac’s law. 


4. Perfect Gas equation: Any gas obeying Charles’ law and 
Boyle’s law is termed as perfect gas or ideal gas. If p is the pressure, 
V is the molar volume and Tis the temperature on absolute scale, 
then we have 

; pV=RT, 
Where R is a universal constant called gas constant. If the amount 


_ of gas is not one mole but say n mole then 


pV=nRT. > 
It is to be noted here that V in this formula refers to the volume of 
n mole of a gas and R isthe universal gas constant for a mole, 
Standard value of R=8'3 joule mol! K-1. For any mass ofa gas 
pV=mrT 
where z is the gas constant per unit mass. It is not a universal 
constant. 


EXAMPLES 


Ex. 1. A circular hole in an aluminium plate is 2:500 cm at 0°C. 
What is its diameter when its temperature is raised to 100°C ? 

(The linear expansivity of aluminium = 23x 10-§ K~) 
N, E. PHY.-13 
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Sol.. We have I, =1,(1 +cat) 
w loo =2'50(1 +23 x 10-8 x 100) 
or lioo=2:506 cm. Ans. 


Ex. 2. A steel meire, scale is. to be ruled so that the millimetre 
interyals are accurate within about 5x 10-5 mm ata certain tempera- 
ture. What is maximum temperature variation allowable during the 
ruling ? (a for steel=11 x 10-8 °C-*) 


Sol. We have, AZ (change in length) =al AT 
S 5x105 mm=11*10-*x 1 mmx AT 
or ATSC, Ans. 


Ex. 3. A weight thermometer contains 500 gm of mercury at 0°C. 
If the temperature is raised to 100°C, how much mercury will be 
expelled? (Cubical expansivity of mercury =182 x 10-8 °C and that 
of glass=27 x 10 °C.) 


Sol. We have, raea mass expelled — 
mass remaining x rise in temperature 
Here Ya=182 x 10-8—27 x 10-8 = 155 x 10-® °C-71 
w x 
155x10-*= COXON 
or x=155 x 10-4(500 — x) 
She x=763 gm. Ans. 


Ex. 4. The density of air at N.T.P.is 1'293 kgm. Calculate 
its density when its temperature is 166°C and pressure is 75 cm of 
mercury. 

Sol. We have PV=RT for a perfect gas 


or EK. =a constant. 
_M 
p ‘ (fF 
; TS 
£ Dpr? constant _ 
$ 76 cm of mercury _ 75 cm of mercury 
a 1:293.x 2.73 D x (273-+-16'6) 


VETIA SOS | sii iis À 
or | Danae Xap X1'293= 1-203 kgm, Ans. 
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Ex. 5. A piece of metal weighs 46 gm in air; when it is immersed 
ina liquid of relative density 1:24 at 21°C, it weighs 30 gm. When 
the temperature of the liquid is raised to 42°C, the metal piece weighs 
30:5 gm. Specific gravity of the liquid at 42°C is 1:20. Calculate 
the linear expansivity of the metal. ‘ (I. I. T. 1974) 


Sol. A solid loses a part of its weight which is equal to the 
weight of the liquid displaced. 


39 46 — 46 x124 or Day =3'565 
Do 


and 30°5 46 — 49 1:20 or Dys=3'561. 
Day 
-We have from the relation 
D,=D,{l +(e- t) 
3:565 =3'561{1 +y(42 —27)} 


or y= "00007. 
nA y=3a, 
a = "000023 =23 x 10-6. °C™. Ans. — 


Ex. 6. A vessel of volume V =*03 m? contains an ideal gas at 0°C. 
After a portion has been let out, the pressure in the vessel decreased by 
Ap=0'78 atm (the temperature remaining constant). Find the mass 
of the released gås. The density under normal conditions 

po=1'3 kg m°. 

Sol. We have for a perfect gas, pV =RT fora mole or pV=mrT 
for any mass of gas. 

In terms of density, the equivalent form is p=orT. . 

Po= Pol and p=prT 
PBS bere Load (po~ P)'T. 

Mass let off=Vpyp—Vp=V. Ap reap en rr=2e) 

- -03x13x78 atm 
pi 1 atm 
='03;kg. Ans. 

Ex. 7, A vessel of volume V contains n, mole of oxygen and n 
mole of carbon dioxide at temperature T. Assuming the gases to be 
ideal, find : 

(a) the pressure of the mixture; 

(b). the mean molar mass of the mixture. 
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Sol. (a) We have pV=nRT 
; PV =nyRT and pV =n,RT 


and for the mixture pV =nRT. 


= Mt) RT 
P Eu aa 


o n=nm+n, Ans. 


(b) Molar mass ofthe mixture = ass of the mixture | 
number of moles 


~ yaa, _ _mMi+n.M, 
N+, n+ 


m, 
C m=- and n= 
1 M, 


where M, and M, are molar masses of oxygen and carbon dioxide, 
EXERCISES 
(A) 


1. A circular hole in an aluminium plate is 4 cm at 0°C, What is its diameter 
when the temperature of the plate is raised to 100°C ? (Linear expansivity of 
aluminium= 23 x 10-8 K-) (Ans, 4:0092 cm) 

2. Aniron scale is correct at 0°C and at this temperature zinc rod measures 
1 m on this scale. What will be the length of the zinc rod as measured by iron 
scale when both are at 100°C ? (Liner expansivity of zinc=2610-* K-!and 
linear expansivity of iron= 1210-8 K-1) (Ans. 1:0014 m) 

3. If a clock with an uncompensated pendulum of steel keeps correct time at 
15°C, how many seconds would it lose in 24 hours at a temperature of 25°C ? 
(Linear expansivity of steel=12>< 10-8 K- 1) (Ans, 5'2 s} 

4. The linear expansivity of glass is 8x 10-$/K and cubical expansivity of 
mercury is 18 X 10-5/K. What volume of mercury must be placed inside a flask of 
300 c.c. so that the volume of the flask not occupied by mercury may remain the 
same at all temperatures ?. . 


(Hint: Voyot=VinYmt, Or Vyyg=VmYm] (Ans. 40 c.c.) 


5. A porcelain crucible is filled with 1: kg of mercury at room temperature 
(20°C). The crucible is then placed inside a furnace, kept for sufficient time there 
and finally removed. It is found that it contains only ‘8 kg of mercury. Calculate 
the temperature of the furnace. (Average cubical expansivity of mercury 
=18:2x 10-5 K-1 and that of porcelain=2 10-5 K-13) (Ans, 1523°C) 

6. The scale of a barometer is made of brass and is correct at 15°C, The 
reading of the barometer is ‘754 m at 5°C, Correct this reading to 0°C., (Linear 
expansivity of brass=18><10-' K-! and Cubical expansivity of mercury 
=18 10-* K-1) 
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(Hint: 1m at15°C=1m; .. 1 mat 5°C=(1—18X10- 10)ım; ~. "754 m 
at 5C=°754 (1—18 x 10-5) m. Thisis the correct height at 5°C. Then use 
the formula, P=h.pyg=hsptg where h)=height of zero degree cold mercury 
barometer and h:=height of ¢-degree hot mercury barometer. Standard pressure 
is the height of zero-degree cold mercury.) (Ans. *7532 m) 

7. A sinker of weight w has an apparent weight w, when weighed in a liquid 
at temperature ¢, and w, when weighed in the same liquid at temperature ts. The. 
coefficient of cubical expansion of material of the sinker is B. What is the 
coefficient of volume expansion of the liquid ? 

[Hint : Loss in wt.=w, —w,=wt. of liquid displaced =Vjp,.] 

stag Wee tern wos s 
[ ans. yi atin (ce) | 

8. A vessel of volume -02 m? contains a mixture ‘of hydrogen and helium, 
at a temperature 20°C and 2 atm of pressure, The massiof the mixture is equal 
toSgm, Find the ratio.of the mass of hydrogen to that of heliumin the given 
mixture. (Ans. ‘5) 

9, A vessel contains 7 gm of nitrogen and 11 gm of carbon dioxide at a 


temperature T=290°K and pressure 1 atm. Find the density of this mixture, 
assuming the gases to be ideal. (Ans. 1:5 kgm-*) 


(B) 


10. A glass tube is attached to the bottom of a thin iron rod of length 1 m. 
How high must mercury be poured into the glass tube so that the centre of mass 
of the pendulum formed will not rise or fall with changes of temperature ? 

Linear expansivity of glass=9x10-* K-¥; that of iron=12x10-* K-* and 
cubical expansivity of mercury=18-2x10-* K-). (Ans. *146 m) 

11. A mercury ‘hermometer reads 99°25°C when immersed in a steam bath in 
such a way that the whole of its stem above 0° graduation is outside the bath 
and the temperature of the room is 20°C, When the whole of its stem is Pushed 
inside the bath, the thermometer reads 100:5. Calculate coefficient of cubical 
xpansivity of mercury. (Given that linear expansivity of glass=8 X 10-* K~) 

(Ans. 18x 10-° K~*) 


12, A glass hydrometer reads sp. gr. 9200 in a liquid at 45°C, What would be 


the reading at 150C i ivi iquid=52'5x10-"/K. and that of 
? (Cubical expansivity of liquid=52'5 X I 

8lass=2-4 X 10-5/K) ; teers ei (Ans, *9338) 

O ae A vessel of glass of constant volume contains 340 gm of mercury at 0°C. 

2 Putting few spherical iron balls 85 gm of mercury over-flow at 00°C. When 

System is heated to 100°C, 4°8 gm of mercury flow out further, Calculate the 


Coefficient of linear expansion of iron. 
Cmereury= 180x 10-8 K-) (Ans, 11°8<10-* K~) 


A 4 +34 
[Hint : V, (Volume of iron balls)= “ , volume of vessel = —"— where py 
o 


is the density of mercury at 00C, 
At 100°C volume of the vessel—=yolume ‘of mercury remaining-+-volume of 
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iron balls= 22 Vioos Where Po9=density of mercury at 100°C and Vv is the 


volume of iron balls at 100°C, Since the vessel is of constant volume, 


os 2. 2502 by, va | 
o 

14. A vertical cylinder closed at both ends is divided into two parts by a 
frictionless piston, each part containing one mole of air. At temperature 300°K. 
the volume of the upper part is 4 times than that of the lower part. At what 
temperature will the volume of upper part be three times than that of the lower 
Part ? (Ans. 422°K) 

15. Two identical vessels are connected by a tube with a valve letting the gas 
Pass from one vessel into the other if the pressure difference, Ap> 1'1 atm. 
Initially there is a vacuum‘in one vessel while the other contained an ideal gas 
at a temperature 27°C andl atm pressure.“ Then both vessels are heated to. 


107°C, Up to what value of ‘pressure in the first vessel (which had vacuum 
initially) increase ? (Ans, ‘083 atmy 


uon 


CHAPTER 3 
CALORIMETRY 


1. Quantity of Heat : Energy in transit due to difference in 
temperature is called Heat. Heat is measured in joule (J) in SI. But 
other units are also in use, notably the calorie, The calorie is the 
amount of heat required to raise the temperature of 10-3 kg, that is, 
I gmof water by 1°C. Where quantities of heat are expressed in, 
calories, it is recommended that the conversion factor to convert to 
joule be stated. (1 calorie=42 joule) 


2. Specific Heat Capacity : The amount of heat required to 
raise the temperature of 1 kg of a substance by 1 K is called Specific 
Heat Capacity. Unit, joule per kilogramme per kelvin (Jkg7?K7’). 

"3. Molar Heat Capacity : This is the amount of heat required to 
raise the temperature of 1 mole of a substance through 1 K. Unit, 
joule per mole per kelvin (J mol K=). 

4. Heat Capacity : The amount of heat required to raise the 
temperature of a body through 1 K. Unit, joule per kelvin (JK~™). 

‘Water equivalent : The mass of water having the same total heat 
capacity as the given body. Unit, kg. 

5. Specific Latent Heat of Fusion : The specific latent heat of 
fusion of a substance is the amount of heat required to convert 1 kg 
of it from the solid state to the liquid state at its melting point with- 
out change of temperature. Unit, joule per kilogramme (Jkg~)- 

Specific latent heat of ice is 336x 10? Jkg or 80x 10° 
calorie kg7}, Í i 

6. Specific Latent Heat of Vaporisation : The quantity of heat 
required to convert 1 kg of a substance from liquid to vapour at a 
constant temperature (called boiling point) is called specific latent 
a of vaporisation of that substance. Unit, joule per kilogramme 

8"): 


Specific latent heat of vaporisation of water is 
at 100°C, 


250% 108 Jkg 


_7. Principle of Calorimetry: “Heat lost =Heat gained’. is the 
Principle of Calorimetry. 


a 
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Heat lost or gained by a body=mst where m=mass of body, 
s=sp. heat capacity and ¢=fall or rise of temperature. 


Methods : (i) Electrical method (Callendar and Barnes continuous 
flow method): In this method energy in the electrical form is 
converted into heat energy in a resistance wire and that heat is 
absorbed by the body surrounding the wire. Specific heat capacity 
is calculated by equating heat absorbed to the energy supplied. 

Heat supplied =Vit joules or J?Rt joules 


where V=P. D. in volt, J is current in ampere and ¢=time in 
second. 


Heat absorbed = mse joule. 


VIt=ms9. 
Hence s is calculated. 


(ii) Method of Cooling : This method is based on Newtons law 
of cooling which states that the rate of cooling .of a hot body in a 


surrounding of constant temperature is proportional to the excess of 
its temperature above that of the surroundings. 


If m=mass of the body, @=its temperature at time t, s=specific 
heat capacity and @)=temperature of the. surrounding, then rate of 
cooling of the body=ms(— 2 $ 

According to Newton’s law of cooling, 


RE EAO. EEO TAS 
msz «(8 ®) Or mask 8) 


where k is a constant depending on (i) area of the body and 
(ii) nature of the surface. 


doii Hok 
or a =c(8—0)) where ents á 


Thus c depends on area, nature of surface and also on material 
of the body. 


EXAMPLES 


Ex. 1. A platinum ball of mass 100 gm is removed from a furnace 
and immersed in a copper vessel of mass 100 gm containing water of 
mass 390 gm at 30°C. The temperature of water rises to 40°C. 
Calculate the temperature of the furance. (Given that the specific 


CALORIMETRY } q 201 


heat capacity of platinum = 168 J kg K-} specific -heat capacity of 
copper=420 J kg K~ and specific heat capacity of water =4200 
dike? K~. 
Sol. Heat lost by platinum = 100 x 10-3 x 168(9 — 40) joule. 
Heat gained. by water and. copper vessel 
= 100 x 10-3 x 420(40 — 30) +390 x 10 x 4200(40 —30) 
Heat lost = Heat. gained. 
100. 10-3 x 168(6 —40) 
— 100 x 10-8 x 420(40 — 30) +390 x 10-* x 4200(40 — 30) 
or a= 1040°C. i / ADS 


Ex. 2: Three liquids of equal masses are thoroughly mixed. The 
specific heat capacities of liquids are 51, Sa and s, and their tempe- 
ratures t}, t, and ts respectively. Find the temperature of the mixture. 


Sol. Let t be the temperature of the mixture. 
Heat lost by Ist liquid =ms,(t,—*) 

Pei 8s poe dy =ms,(te~t) 

» » o» mds =ms(tą— t) 

Net loss by all the liquids =ms;(tı— t) +ms(ta— t) +msa(ts—t). 

If we consider ‘loss’ as negative gain then principle of calorimetry 
‘Heat lost = Heat gained’ also means net gain of heat or net loss of 
heat=0, This follows from principle of conservation of. energy. 

. l ms (tı —t)+msa(ta— Hms —1)=0 

ot je (estts) ie 

S itSe+ S3 j 


Ex. 3. How 1 kg of water at 50°C shouldbe divided so that one 
Part of it when turned into ice at 0°C would by this change of stare 
give out a quantity of heat that will be sufficient to vaporise the other 
Part? (Specific latent heat of ice=336%10 Jkg”; specific latent 
heat of steam —2250 «108 Jkg-> and specific heat capacity of water 
=4200 Jkg=) 


Sol. Let-x kg of ice when turned into ice give out sufficient heat 


to vaporise remaining (1—x) kg of water. 
Heat lost by x kg of water =: xx 336 x 10°+%x4200 x50 
= 336x x 108 +210x x 10° 
= 546x x 108 joules. 
Heat gained by (1 —x) kg water at 50°C 
=(1-x)x 2250 x 10° joules. 
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(1 —x) x 2250 x 10?= 546x x 103 
x="812 kg. 
812 kg for ice and °188 kg for steam. Ans, 


Ex. 4. A spherical iron ball is placed on large block of dry ice 


at 0°C into which it sinks until half submerged. What was the tempe- 
rature of the iron? 


(Density of iron=717x 10% kg m-%; density of ice=920 kg m™; 
specific heat capacity of iron=504 Jkg™ K-t, specific latent heat of 
fusion of ice = 336 x 108 joule kg") 


Sol. Let r be the radius of the spherical ball. Since the block is 
large, final temperature is 0°C. If p is the density of the ball and sis 
its specific heat capacity, then 


heat lost by iron= rp xsxX0 


and heat absorbed by ice = rap’ X L' where p'= density of ice 


bS pL _ 920336 x 10% 
2ps ` 2x 7700 504 


: (~ density of water in SI= 1000 kg m7) 
SoBe OF Ans. 


Ex. 5. A body cools from 50°C to 40°C in 5 minutes in 


Surroundings maintained at 20°C. What will be its temperature after 
further 5 minutes? 


Sol. From Newton’s law of cooling we have, -F (0-0) 


F = —c(0— 0) where c is a constant 


do ELKON do 
or er aS cdt, or phi = -efaa (a constant} 


or log (6—6,)=—ct+A. 


| 


| 
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B¥ereatt=0, 9 =50 <. We have 
t=5, e=40 log (50-20) =4 or A=log 30 
t=10; 6=? =, log (0—%) = —¢t tlog 30. 
@)=20°C given. Again putting second set of values 


log (40—20)= —¢. 5-+log 30 
or log 20= —Se+log 30 
or 5c =log 30 —log 20 
or c=} log $ 
log (0-00) = = (ë 108 §)1+ logs 
oo log (0 —20) = —(§ 108 8) x 10-+log 30 


or log (0—20) = —2: log 8+ log 30 
or log (0—20) =log 30 —log($)* 
er log (0—20) = 108 30—log 2-108 ak 
= 9—20=122, or 99=300 oF 9=33'33°C. Ans. 


Alternative Method: 


Rate of fall of temperature = a oe =2°C per minute. 


Average excess of temperature = pa —20=45—- 20=25. 


According to Law of cooling, 
Rate cc excess of temperature 


-` 2=k.25, or k=2/25. 
Let 0=temperature after another 5 minutes. 
‘Then rate of fall of temperature= oe 
@ 
and ayerage excess of temperature= at —=> 
40—90 P 9 
T kx 
Ee ee (putting the value of k obtained above} 
i 5 25:2 
or 40—9=0/5 or 200—50=0" OF 60 = 200 
§=190 —33-33°C. é ; Ans- 
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Ex. 6. 200 gm of water aridcan equal volume of another liquid of 
mass 250 gm are ‘placed in turn in the same calorimeter of mass 
100 gm and specific heat capacity 420 J kg-1 K-*. The liquids which 
are constantly stirred are found to cool from 60°C to 40°C in 180 s 
and 140 s respectively. Find the specific heat capacity of the liquid. 
The temperature of the surroundings = 20°C. 


Sol. Rate of cooling by water and calorimeter 
_ 200 x 10-8 x 4200(60 — 20) +100 x 10-2 x 420 x (60 — 20) 
F 160 a Sts — 0) 


MU S5980e S528, 
= E Ai 


180 
Rate of cooling by liquid and calorimeter 


_ 25010 x 5(60 —20)-+ 100 x 10-8 x 420(60 — 20) 
z 140 


_105+1680 _s+168 


Ss 
140 no 


According to Newton’s law of cooling the two rates are equal. 


s+168 _ 3528 % a Ans. 
ia Te or s=2576 Jkg-1, 


Ex. 7. In the constant flow method of Callendar and Barnes it was 
found that when rate of flow of water was 11 gm per minute the heating 
current was 2 ampere and the difference in potential between the ends 
of the heating wire was 1 volt, the rise in temperature was 2'5°C. On 
increasing the rate of flow to 25-4 gm per minute, the heating current 
to 3 ampere and the p.d. to 1'51 volt, the rise of temperature of water 
was still 2°S°C. Calculate the value of J. 


Sol. Rate of supply of energy =VC Js+=VC watt. 

_ Rate of absorption of heat by flowing water =ms(0, —0,) calories 
per second where s=specific heat capacity of water in calories per kg 
per kelvin. ` 

VC=Jms(0,—0;)+h where h=rate of loss of heat by 
radiation. 
Here two sets of readings are taken to eliminate h : 
j V,C,=mysJ(0,—03)-+-h 
sand VC = ms] (03—01) +h. 
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V2C.—ViCy 


1.C,-V.C,= (m mIa a) OF I= 
gC. —ViCi = (me my)sJ(02— 6) a (m — m,)s(82— 91) 


J= 151X3—EX2" e 
O54 10 10? x 2'5 


(sp. heat capacity of water = 10° caloric per kg per kelvin) 


2:53 x 60 i 
or J cy Sat oe 216. Ans.. 

Ex. 8. Find the result of mixing 4 kg of ice at 0°C with 2 kg of - 
water at 30°C. (L=336X 10°) Jkg* and specific heat capacity of 
water =4200 Jkg-+ K7?) 

Sol. Let °C be the final temperature. 

Heat lost by water =2 x 4200(30— 1); 

Heat gained by ice=}§ X 42001 +4 x 336 x 10°. 

2x 4200(30—t) =$ X 4200t-+-4 x 336 x 103. 
Hence t=8°C. 
(Ans, The result is 2'5 kg of water at 8°C) 


Ex. 9, What will be the result of mixing 2 kg of copper at 100°C 
with ‘75 kg of ice at 0°C? (Specific heat capacity of copper 
=378 Jkg4K-1; specific heat capacity of water= 4200 Jkg*K-* and 
specific latent heat of fusion of ice = 336 X 108 Ike.) em 

Sol. Let ¢ be the final temperature. 

2x378 x (100 —t) ="75 336 x 103 4°75 X4200 x t. 

Hence 1=—45°C which is absurd because final temperature 
cannot be less than 0°C and greater than 100°C. Hence we conclude 
that whole of ice will not melt and final temperature will be 0°C. 
Let x be the mass of ice that will melt. 

Si x32336 x 10°=2x 378 x 100 

Hence gas kee 

(Ans. The result is ‘225 kg of water at 0°C and "425 kg of ice.) 


Ex. 10. When 45 gm of a metal heated to 100°C is dropped into aw 
ice calorimeter, the contraction in volume of ice is observed to be 
"4596 10-8 m?, What is the specific heat capacity of the metal ? 
(L=336 x 10*Jkg— and relative density 0, ice="917) 


Sol. Density of water = 1000 kgm? 
and density of ice ='917 x 1009 kgm”. 
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Volume of 1 kg of water = 77455 M? 
317x100" T IT 
Contraction in volume when 1 kg of ice melts 


bs a) 


and volume of 1 kg of ice= 


s1000 M? 
J. 1m? contraction in volume = melting of ia kg. 
at: 4596 x 10-8 mè contraction in volume 
: = melting of 2o x 4595 x 10 kg. 
Heat lost by solid=45 x 10-*s x 100 joule 
917000. 


Heat gained by ice= x 4596 x 10-8 x 336 x 10% joule 
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y 45x10xsx100=2. x 4596 x 336 x 10-4 


83 
917 x 4596 x336 a 
or s=% $3245 - x 10 
‘or ; S=S ike s Ans. 


Ex. 11. An alloy consists of n metals as masses My, Ma M3.. 
mn and specific heat capacities Sı, Sz 3)...» Sn. What is the specific 
heat capacity of alloy ? 

Sol. Suppose that mj, mg, Ms.. ..,Mn masses of metals are heated 
through 1°C by Qı, Q» Qz,...-,Qn amounts of heat respectively. 
Then Q,;=mys;t; Qa =mMS2t; OMIR. < On=MpnSnt. If now we 
give (Qi+ Q.4+03+..+Qn) amount of Heat to the alloy it will be 
heated through same temperature. : 


(Q14 Q:+03+.... +0nr)=(m+m+mMm +.. aima) s.t 
where s is specific heat capacity of alloy. 
Or mMiSit +H MSat HMS... HMnSnt 
; =(my-+-m,+mgt....+mn)st 


a s= (Matehmatel ateh tMar ; Ans. 
m-+m,+ms+ see. tin 
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EXERCISES 
(A) 


1. A copper vessel weighing 190 gm contains 300 gm of water at 0°C and 
50 gm of ice at 0°C. Find the quantity of steam at 100°C, that must be 
passed into the vessel to raise its temperature and that of its contents by 10°C. 
{Specific heat capacity of copper=420 Jkg-* K-1;.L (of steam)=2250 x 108 Jkg-? 
and L (of ice)=336 X 10° Jkg-*] ; (Ans. 12°27 10-* kg) 
2, Find the result of mixing 1 kg of ice at 0°C with 1:5 kg of water at 45°C, 
{Specific latent heat of fusion of ice=336 x 108 Jkg7*) i 1 
(Ans. ‘16 kg of ice and 2:34 kg of water at 0°C) 
3, What would be the final temperature of the mixture when 1 kg of ice at 
—10°C is mixed with 4'4 kg of water at 30°C ? (Specific heat capacity of ice 
=2100 Jkg-! K-".) (Ans. 8°7°C) 
4. An alloy consists of 40% copper and 60% nickel. A piece of alloy of 
mass ‘1 kg is placed in a calorimeter whose water equivalent is 10x 10-* kg and 
which contains 90x 10-? kg of water at 10°C. If the final temperature is 20°C, 
calculate the original temperature of the alloy. (Specific heat capacity of copper 
=399 Jkg-1 K- and that of nickel=462 Jkg-? K~.) (Ans. 116°2°C) 
5. 4 gm of steam are added to a mixture of 35 gm of ice and 35. gm of 
water in a copper calorimeter weighing 50 gm. What is the final temperature ? 
Specific heat capacity of copper=420 Jkg~* K-1, L (of ice)=336x 10° Ikg-* 
and L (of steam)=2268 X 10* Jkg*.) 
(Ans. 3X10 kg of ice and 67% 10-* kg of water at 0°C) 
6. How should 2 kg of water at 60°C be diviaed so that one part of it when 
turned into ice at 02C would by this change give out sufficient heat to vaporise 
the other part ? (Specific latent heat of fusion of ice=336X10* Jkg— and 
specific latent heat of vaporisation of steam=2250> 10° Ikg-*) 
(Ans. 1:609 kg and ‘391 kg) 
7. The specific heat capacities of n liquids ate Sı, Sa» Sgyeeee,Sn respectively 
and their respective temperatures fys fas fas eee tn. Equal mass of each liquid is 
taken and mixed. Find the temperature of the mixture. 
7 sy tsat Sahe +$n 
8. Ifa kg of ice at 0°C contracts by 91x 10~ m? on melting, calculate the 
Specific heat capacity of a solid when 40 gm of it at 60°C dropped into an ice 
calorimeter cause a change in volume by *273X 10-* m. (Specific latent heat of 
fusion of ice=336 x 10° Jkg-¥) (Ans. 420 Jkg-? K=) 
_ 9. The relative density of ice is 917; 10x 10- kg of a metal at 100°C are 
immersed in a mixture of ice and water, and the volume of the mixture is found 
to be reduced by +125 x 10-8 m? without change in temperature. Find the specific 
eat capacity of the metal. (Ans, 464 Jkg-? K=») 
10. When 20% 10-2 kg of water at 15°C is placed in the tube of an ice 
calorimeter, it is found that the mercury thread moves through 29 cm. Ifa metal 
of mass 12 gm at 100°C is placed in the tube the mercury thread contracts by 
Rem, Find the specific heat capacity of metal. (Specific heat capacity of 
Water=4200 Jkg—! K-1) (Ans. 434°5 kg—? K=) 


(ans 
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11. A calorimeter whose water equivalent is 5 X 10-* kg is filled with 50 10-* 
kg of water at 80°C. The temperature falls to 75°C in 4 minutes. When filled 
with another liquid, the weight being 40 10-* kg the time to fall through same 
range of temperature (from 80°C to, 75°C) is 130 second. Find the specific heat 
eapaciiy of liquid. i (Ans. 2603 Jkg-*.K-*) 

12. A body cools from 50°C to 40°C ina surrounding of constant temperature 


20°C in 5 minutes. What is the time in which it will cool by another 10°C ? 
(Ans. in next 8°33 minutes) 


13. A copper calorimeter blackened outside is filled with some hot liquid and 
placed ona table. It is found to cool from 60°C to 50°C in 4 minutes and 40°C 
and 30°C in 8 minutes. What is the temperature of the surroundings ? Why is 
it blackened ? (Ans. 15°C; to promote radiation} 


[Hint : From Newton’s law of cooling we have 


rt, a) £ ( oto, A «)| 


14. The temperatue of a body falls from 30°C to 20°C in 5 minutes. The air 
temperature is 13°C. Find the temperature of the body after further 5 minutes. 
g i (Ans. 15°88°C) 
15. A body initially at 80°C cools to 64°C in 5 minutes and to 52°C in 10 
minutes. What will be its temperature in 15 minutes and what is the temperature 
of its surroundings ? (Ans. 43°C-and 16°C) 
16. A calorimeter of water equivalent 10 10-* kg contains 70x10- kg of 
a substance at its melting point and the substance is found to solidify completely 
in 21 minutes. A similar calorimeter containing 80x 10-* kg of water cools at 
the rate of 1-5°C per minute at the same temperature, the room temperature: 
being same in both cases. What is the latent heat of fusion of the substance ? 
` (Specific heat capacity of water= 4200 Jkg-* K~) (Ans. 170x10 Jkg~*) 
17. In continuous flow method of Callendar and Barnes the potential 
difference across the wire was 2 volt and the current 2 ampere. The temperature 
of in- going water was 20°C and that of outgoing water 22°7°C and 300 gm of 
water were collected in 10 minutes. When the p.d. was increased to 3°75 volt 
and the current to 2'5 ampere, the flow was adjusted to maintain the same 
temperature difference and 240 gm of water were collected in 5 minutes. 
Calculate the mean specific heat capacity of water at the mean temperature 
21°35°C, (Ans. 4167 Jkg-? K~*) 
18. The resistance of the wire of Callendar and Barnes apparatus is 10 ohm 
at 20°C, A cell of steady voltage 2:2 volts and 1 ohm internal resistance is 
connected to it. A liquid is slowly and steadily forced through it and the 
temperatures of the incoming and outgoing liquid were found to be 18°C and 
22°C respectively in the steady state and 120 gm of the liquid were collected in 
40 minutes, Find the specific heat capacity of the liquid. Neglect loss of heat by 
Bo (Ans. 2000 Jkg-? K~) 


19. In the first experiment of Callendar and Barnes method the voltage across 
the heating wire was 2:61 volt and the current 7:81 ampere 501:2 gm of water 
Passed through tke tube of the apparatus in 22 minutes and the rise was 937°C. 
In the second experiment (to eliminate radiation effect) the voltage was 2'21 and 
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the current 8-52 ampere. The flow of water was adjusted to give the same 
temperature difference and 697 gm passed through in the same time as before. 
Calculate specific heat capacity of water, (Ans. 4166 Jkg-? K-4) 

20. A liquid of density 8-50 kgm— flows through a calorimeter, at the rate of 
8x 10-* cubic metre per second, Heat is added by means of a 250 watt electric 
heating coil and a temperature difference of 15°C is established in the steady 
conditions between the inflow and outflow points, Find the specific heat capacity 
of the liquid. (Ans. 2451 Jkg-? K7), 


(B) 


21. The temperatures of three different liquids 4, B and C are 14°C, 24°C and 
34°C respectively. On mixing equal masses of A and B, the temperature of the 
mixture is 20°C. On mixing equal masses of B and C, the temperature of the 
mixture is 31°C. Supposing equal masses of A and C were mixed, what would be 
the temperature of the mixture ? (1. I. T. 1976) (Ans. 29°6°C) 

22. A copper) calorimeter of negligible thermal capacity is filled with a liquid. 
The mass of the liquid equals 250 gm. A heating element of negligible thermal 
capacity is immersed in the liquid. It is found that the temperature of the 
calorimeter and its contents rises from 25°C to 30°C in 5 minutes when a 
current of 205 ampere is passed throug it at potential difference of 5 volts, 
The liquid’ is thrown off and the heater is again switched on. It is now found 
that the temperature of the calorimeter alone is constantly maintained at 32°C _ 
when the current through the heater is ‘7 A at the potential difference 6 volts. 
Calculate the specific heat capacity of the liquid. The temperature ‘of the 
Surroundings is 250C; r (Ans. 2100 Jkg-1 K-1) 


23. A calorimeter contains ice. Determine the heat capacity of the 
Calorimeter if 2:1 kJ of heat is required to heat it together with its content 
from 270 to 272°K, and 69:72 kJ of heat is required from 272 to 274°K. 

L of ice =336 108 Jkg-1; specific heat capacity of ice=2100 Jkg-! K-1, 

(Ans. 630 JK-1) 

24. A heat-proof envelope contains 100 gm ofice at 19C. it is compressed 
10.1200 atm. Find the mass of the melted ice if the melting point of ice. is 
lowered by 10C for increase of pressure by 138 atm. 

L of ice=336 >< 10° Jkg-? and specific heat capacity of ice=2100 Jkg-1 K-, 
(Ans. 5'4 gm) 

25. Assume that a planet radiates heat at the rate proportional to the fourth 
Power' of its surface tem perature 7 and that the planet assumes such a steady 
temperature that this loss of heat is exactly compensated by the heat gained from 
be Sun. Show that other things remaining the same, a planet’s surface 

Mperature varies. inversely as the square root of its distance from the sun. 
(EE, WB 1982) 


paa 


N. E. Pind 


CHAPTER 4 


SATURATED AND UNSATURATED. VAPOUR: 
DALTON'S LAW OF PARTIAL PRESSURE 
AND RELATIVE HUMIDITY AND DEW POINT 


1. Saturated and Unsaturated Vapour Pressure Law : The saturated 
vapour pressure (S. V. P.) of a liquid at a given temperature is solely 
dependent on temperature and independent of mass and volume of 
vapour.. This is why if the volume of saturated vapour is increased 
in presence of the liquid more liquid will evaporate till saturation is 
attained and if the volume is decreased vapour will condense leaving 
that much vapour which is sufficient to saturate that space.. Every 
time pressure will be maintained at a particular value. characteristics 
of the temperature alone. Unsaturated vapour behaves to some 
extent like a perfect gas. Hence its pressure and volume will change 
in accordance with perfect gas law i.e. pV=nRT where n=mass of 
vapour in mole, 


2. Dalton’s Law of Partial Pressure : It states that the pressure 
of a mixture (mixture of gases or gases and vapours or vapours 
having no chemical action) is equal to the sum of the pressures called 

_ their partial pressures which they would separately exert if they were 
allowed to occupy the whole space at the same temperature. 
P=PitPstPst.-.--- 


3. Relative Humidity and Dew Point : : 


Dew point : The temperature at which atmosphere will become 
saturated with water vapour already present in it is called Dew Point. 


Relative humidity: The degree of wetness of atmosphere is 
expressed by the term relative humidity, It is defined as the ratio 
of mass of water vapour present in any volume at present to the mass 
of water vapour that would saturate the same volume at the present 
temperature. 


For a gas or vapour, Pressure oc Mass when temperature and 
volume remain constant. 


Relative humidity=_—VaPour pressure at °C 
Saturated vapour pressure at ¢°C ` 
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Vapour pressure at 1°C=$.V.P. at dew point, 


; RS S. V. P. at dew point 
ty= —_.. 
Relative humidity S. V. P. at present temperature 


Absolute humidity : The amount of water vapour present in one 
cubic metre of air is called Absolute humidity. Unit, kgm, 


EXAMPLES 


| Ex. 1. A jar contains a gas anda few drops of water at 1K. he 
pressure in the jar is 830 mm of mercury. The temperature of the jar 
is reduced by 1%. The staturated vapour pressure of the two tempera- 
tures are 30 mm and 25 mm of mercury. Calculate the new Pressure 
in the jar. (L.L.T. 1980) 

Sol. By Dalton’s law of partial pressure, the Pressure of the gas 
at T°K is (830—30) mm of mercury and the pressure of the same gas 


at (r- ir) °K is (P—25) mm of mercury where P is the new 


Pressure in the jar. Applying the ideal gas equation 
PV=nRT to the gas 


or. 800 x V=nRT 
=nR(7T— 2. \_ 99 
and (P—25)xV=nR (r- w) nRT. TOT 
Dividing 
P— 2552199 


pS ris =8 f i 
300 100 or P=817 mm of mercury. Ans 


Ex: 2. On a particular day when the atmospheric temperature is 
18:5°C the dew point is Sound to be 8:6°C. Determine the relative 
humidity of air if the maximum vapour pressure of water be 8:04, 
$61, 15°46 and 16-46 mm at 8°, 9°, 18° and 19° respectively, 


Sol. Here Difference by 1°C =(8:61 — 8:04) mm of mercury ` 


Fe by *6°C='57x ‘6 =-342 mm of mercury 
Saturated vapour pressure at 86°C = 8:04-+4-342 
= 8°38 
Similarly, saturated vapour pressure at 18°5°C = 15-46 +5 
= 15:96 
8:38 


Relative humidity = 


igg X 100=52:5%,. Ans, 


Ex, 3, If the temperature of cir whose relative humidity is 60%, 
Salls from 20° to 5°C, calculate the fraction of the mass of water 
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vapour contained in. air which will condense into. drops. (Saturated 
vapour pressure of water at 20°C= 17:5 mm and at 5°C=6'5 mm) 


Sol. Since relative humidity 
mass of water vapour present in a certain volume 
mass of saturated water vapour in the same volume ° 
60 m 


deve or m'=‘6m where m is the mass of saturated 
100 m . 


vapour present in a certain volume V at pressure 17:5 mm of mercury 
and temperature 20°C. From the perfect gas equation 


PV= rT we have 


| IT5kXVM ` 1T5VkM 


AT R134200 293K 


. _ where 1 mm of Hg=k Nm~. 
„2 6X1T5VkM_ .pzso4 VEM ' 
m’= 293 R = 03584 a 

The mass of saturated vapour present in the same volume at 
pressure 6'5 mm and temperature 5°C is given by 


„© OS VEM 6S. VEM | 


` mass of water vapour condensed =(:03584— :02338) 4f 


—:01246KEM 
R 


-01246 KM 
The required fraction = oe SN AnS- 

03584 — = 

R 
Ex. 4. The temperature of atmosphere is observed to be 27°C and 

the dew point 18°C: If the temperature falls to 22°C, what will be the 
new dew point ? The saturated vapour pressure at 18°C = 15:46 mm of 
mercury, at.22°C=20°88 mm and at 17°C =14:78 mm of mercury. 


Sol. We have unsaturated vapour pressure at 27°C 


= saturated vapour pressure at 18°C= 15:46 mm of mercury 
vapour pressure at.22°C | 2734+22 
vapour pressure at 27°C... 273427 
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[7 pressure oc temperature (absolute) at constant volume] 


<. Vapour pressure at 22°C= oes x 15°46= 15:20. 

This is much below the saturated vapour pressure at 22°C. Hence 
when the temperature falls to 22°C, the atmosphere is still unsatura- 
ted. The corresponding dew point is the temperature at which 
saturated vapour pressure is 15:20 mm of mercury, 

Here difference at pressure by -68 = difference in temperature by 1°C 


' 1 
e 3 » 33 3 i = ” 33 FIZAN 4:2="68 id 
42 F” 
<. The new dew point= 17 +:68 =17:68°C. Ans. 
EXERCISES 
(A) 


1. A mass of air is saturated with water va pour at 100°C. On raising the 
temperature to 200°C without change of volume, the mixture exerts a pressure of 
2X105 pascal (Pa). What was the pressure of air alone in the initial condition ? 
(Saturation vapour pressure of water at 100°C=10 Pa) (Ans. 1°54 10° Pa) 

2. The temperature of air in a closed space is observed to be 15°C and the 
dew point is 8°C. If the temperature falls to 10°C, how will the dew point be 
effected ? (Saturation vapour pressure at 77?C=7-49 mm of mercury and that at 
8°C=8-02) 

(Aint : Vapour pressure at 15°C=saturated vapour pressure ‘at 8°C. Since 
vapour pressure at 15°C 288 : 
Lars ies be: or, vapour pressure 
at 10°C=7:88 mm of Hg. Find the temperature where 7°88 is the saturated 
vapour pressure.) (Ans. 7:74°C) 

3. On a certain day the temperature of air is 30°C and relative humidity 
| 50%. What fraction of the mass of water vapour would condense if the tempera- 
| 
| 
| 


Volume remains constant, 


ture falls to 10°C ? 
- (Saturated vapour pressure at 30°C=31-7 mm and at 10°C=9'2 mm) 


mass of vapour present at 30°C 
mass of vapour when saturated at 30°C 


Hint: Relative humidity = 


f 1 
‘Sos 100, or m= m. 
m ; i 
mass of saturated vapour at 10°C ___S. V. P. at 109C _ 92, 
- mass Of saturated vapour at 300C S: V. P, at 300C 31-7 


©. Mass of saturated vapour at 10°C= p14 Xm=m" (say). 
This mass will remain and (m'—m") will condense, Hence calculate the 


> 


| Again 


. t a 
fequired fraction which is a | (Ans. °42) 
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4. Find the mass of 1 cubic metre of moist air at 27°C and 759Z mm of 
Pressure, the dew point being 10°C. (Saturated vapour Pressure at 10°C=9:2 
nym. Density of dry air at S.T.P.=1-293 kgm-3. Density of moisture at any 
temPerature and pressure=§ of density of dry air atthe same temperature and 
Pressure) (Ans. 1:1699 kg) 


5. Water is introduced into the vacuum space of Fortin’s barometer at 20°C. 
What mass of vapour will collect in the space ? (Volume of the space=50'x 10-8 
m?; Saturated vapour pressure at 20°C=2-2 10° Nm-?, R=8-3 J mo!-! and 
weight of vapour=18.) 

(Hint : PV=nRT) (Ans. *81 <x 10- gm) 

6. A certain quantity of vapour of a liquid mixed up with air is contained in a 
vessel of constant volume. The Pressure shown at 20°C is 80 cm of me;cury and” 
at 40°C it is 100 cm. The! vapour piessure of the liquid at 20°C is 15 cm of 
mercury. Calculate the same at 40°C. (Ans. 30-6 cm of mercury) 


7. Calculate the mass of 1 litre of moist. air at 27°C when the barometer 
reads 753°6 mm of mercury and the dew point is 16°1°C. (Saturation vapour 
pressure of water at 16-1°C=13-6 mm of mercury; density of air at N.T.P.=1'293 
kgm~ and density of saturated water vapour at N.T.P.=*808 kgm-*) (L.I.T. 1977) 

(Ans. 11589x 10-*kg) 


(B) 


8. Two chambers containing m, and m, kg of a gas at pressures p, and pı are 
put into communication. What will be the pressure of the mixture ? 
AE (my m)P:P> 
es = ViA apip 9 
(Hint : Use PV=nRT) ; 1 [ Ans. AP Enp: 
9. Two gases which are at pressure pı, volume V, and temperature T. and pe, 
V, and T, respectively are forced into a vessel of volume V at temperature T. 


Calculate pressure of the mixture, 
(Hint : Use Dalton’s law of partial Pressure.) 
T PVs Pee 
" [ans r( ae T T 
10. Two vessels of equal capacity are connected together by a narrow tube ofi 
negligible volume. They contain a gas at atmospheric pressure at 27°C. One is: 
cooled to 0°C and the other is heated to 100°C. Calculate the resulting pressure 
assuming that the volume of the vessels remain unchanged. i 
(Ans. 79:9 cm of mercury) 
[Hint : This is a problem on equilibrium of two gases due to diffusion i.e. 
mass distribution. Let each vessel contain ‘m’ mole of the gas at 27°C then fron 


76 i 
PpV=mRT, m= 300 4 - When the two parts are maintained at different tempera- 


tures, mass distribution takes‘ place and an equilibrium is reached. Let p be the- 
resulting pressure. Then from PV=mRT, m,' (mass in mole in tie vessel at 0°C} 


R 
= and mage. The total mass remains same, ~, 2m=my,'+-m,! J 


DOO 


CHAPTER 5 


FIRST LAW OF THERMODYNAMICS AND 
MECHANICAL EQUIVALENT OF HEAT 


1. Heat and Work: The energy in transit due to temperature 
difference is called ‘heat’ and the energy in transit due to any other 
cause except temperature difference is called ‘work’, The mechanical 
work done by a system is given by 

W =f pdV =area between p-V curve and V-axis. 

2. The First Law of Thermodynamics : The principle of conserva- 
tion of energy applied to thermodynamical processes is specially 
called the first law of thermodynamics. 

If dQ is the ‘inflow’ of heat toa system, dW is the work done by 
the system, that is, the ‘outflow’ of work from the system and dU is 
the change in internal energy of the system, then 

dQ=dU-+ dW. A 

This is the first law of thermodynamics. In this equation all the 
quantities are in the same energy units, namely, joules. Here dQ is 
Positive if heat is gained by the system, dW is positive if work is 
done by the system on the environment. f 

If, however, the inflow of heat is dQ and dW is the work outflow 
from the system and no energy is retained by the system, then 

dQ=dw. 

But when dQ is not in joules but,-say; in calories, then 

dQ=J dW <4 pi) 
Where J is a universal constant called Joule’s mechanical equi- 
valent of heat. Its value is 4°186 joules per calorie.. In SI Joule’s 
mechanical equivalent of heat does not exist. 

3. Internal energy of an ideal gas : At constant volume 

dwW=0 and dQ=C,dT. 
Cy dT=dU. Integrating, C)T=U-+-c where c is a constant. 
AtT=0, U=0, Therefore c=0. 
Thus U=C,T for mole of a gas. ai a) 
If M is the molar mass of a gas, then for any mass m of a gas 


U- GT eu HDs 


216 NUMERICAL EXAMPLES IN PHYSICS 


(2 R 
; E t= el 
Now Cy—Cy=R_ or C, T, 
or C=. 
3 R yR 
Thus for an ideal gas C,= and. CEE 
y-1 y-1 
eee EE N a =) <s G) 
Peier C= € 
or yee: (- pv =" RT) .. (iv). 
epee M 


The above various expressions give the internal energy of an ideal 
gas in terms of temperature, pressure and volume of the gas. 


EXAMPLES 


Ex. 1. A waterfall whose vertical height is. 100 m discharges water 
into a pool below the fall. Calculate the rise in temperature of water 
assuming that all the heat remains tn the water. (Specific heat 
capacity of water = 4200 joule per kg per kelvin’) 


Sol. Here W (mechanical work done)=Loss in potential energy 
i =mgh=mx9°8 x 100 J.. 
Heat produced =m x 4200 x 6 joule. 
mx9'8 x 100=mx 4200 <9 


_ 98x 100 
or a aa 


Ex. 2. A bullet of mass 20 x 10-3 kg enters into a fixed block of 
wood with a velocity of 100 ms ond is brought to rest in the wood. 
Calculate the rise in temperature of the bullet if iwo-third of the heat 
produced is absorbed by the bullet. (Specific heat capacity of lead= 
~ =32 cal kg K- and J=4-2 J/calorie.) 


= 234°C, Ans. 


Sol. W (work done) = mv? joule = 2 calorie. l 
` But all the heat is not absorbed by the bullet} only 3 of heat is 
absorbed by the bullet. 


meas my 
=;ns0 calorie = 2 SF 


Heat absorbed by the bullet 


y? 1002 Wag 
o = 5D S 
0S3 axax C. Ans. 
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Ex. 3. How much work is done in supplying heat necessary to 
convert 10 gm of ice at —5°C into steam at 100°C? (Specific heat 
capacity of ice=2100 Jkg™ K+, sp. latent heat of fusion of-ice 
=336 x 10° Jkg-! and that of steam=2250 x 10° Jkg.) j 


Sol. Heat required to raise temperature of 10 gm ofice from 
—5°C to 0°C=10 x 10-3 x 2100 x 5= 105 J. - 3 
Heat required to convert 10 gm of ice at 0°C into water at °C 
=10x 10-*x 336 x 108 =3360 J. 
Heat required to raise temperature from 0°C to 100°C 
= 10x 10-8 x 4200 x 100 í 
(C. - Sp. heat capacity of water is 4200 Jkg~ KY) 
=4200 J. 
_ Heat required to convert 10 gm of water at 100°C into steam at 
100°C = 10 x. 10-3 x 2250 x 10®=22500 J 
Total heat required = 105+-3360 +4200-++22500 
, = 30165 joule. Ans. 


Ex. 4. A meteorite of 10* kg enters into atmosphere with a 
velocity of 10° ms—) “How muny calories of heat is produced when 
it is stopped by friction with atomospheric air? (J=4:2 joule per 
calorie.) i ; 4 


Sol. Kinetic energy = my? joule 


game Be ath 104 x (108)? 
=) calorie=4 Xx ro RTE 
= 1:19 x 10° calorie. ` Ans. 


Ex. 5. In the determination of J by Joule’s experiment the falling 
weights each of mass 1 kg were allowed to fall through 1m. When 
they fell 80 times the temperature of water in the calorimeter increa- 

-Sed by 3°C, Calculate J if the time of each fall of weights is 1 second 
and water equivalent of calorimeter and its contents is 100 x 10-8 kg; 
Sp. heat capacity of water = 1000 cal kg K=, 


Sol. Loss in potential energy of weights per fall=2 Mgh. 
Gain in kinetic,energy of weights per fall=2.3 My? =M», 

Work done. by weights per fall=(2Mgh— My’). 

Work done by weights in n falls=n 2Mgh— Mv?) joule. io) 
Heat produced mse cal. wt 
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a m@Mgh > M+?) joule per calorie (J cal=1), 


mso 
Now, if t=time of fall then v=ff and h=} fr: 
l „2h 


n( 2Mgh— Mth? 
yA vel aU 


ms? 


; 1.4.22 
so( 2.19;8: 5 ; 


= “00x 10x 1000303 = 4°16. 


ae J 


Ans, 4°16 J cal-?, 


Ex. 6. In the Searle’s friction cone experiment the hanging mass 
which was 250x10- kg remained Stationary when ‘the wheel was 
rotated at the rate of } revolution per second. It was found that the 
temperature of water in the cones increased by 3°C in 27 minutes. 
The total water eqyivalent of cones and water. taken was 150 gm. 
Diameter of wooden disc = 30 cm; Sp. heat capacity of water =1000 
calkg K. Calculate J. 


Sol. Couple balancing moment of frictional force 
D = 
DE 
where D=diameter of wooden disc, M =hanging mass. 
Work done in rotational motion = couple x angle of rotation 
; =4MgD x 2nn= Mgrn D, 


=Mgx 3MgD, 


where n=number of rotations, 
Heat. produced = mso. 
5 J= MembD_ 
mso 


2250X 10x 3:142 x (2 X27 x 60) 30x 10-2 
150 x 10-8 x 1000 x3 
=4°24 J cal-1, Ans. 
Ex. 7. An immersion t ype electric heater of 250 watt is immersed 
in water of 5 kg contained in u bucket. -What is the time in which 
temperature of water will rise by 10°C 2- Sp.-heat capacityof water= 
1000 cal kg-! K- and J=41 J cal~, Neglect heat capacity: of bucket. 
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Sol, In electricity, Power=VC watt = Rate of supply of energy. 
1 watt=1 Js—; zu 250 watt =250 Js-1. 


Let ¢ be the time in which temperature will rise by °C. 
Energy supplied =250¢ joule 
Energy absorbed =5 x 4100 x 10 joule 
250t=5%4100x 10, t=820 sec=13 min 40 sec. Ans. 
Ex, 8. A cyclic process for an ideal. monatomic gas (Cy=12'> 
Jmol K-*) is represented in the Fig. 5.1. The temperatures atl, 2. 
and 3 are 300°K, 600° K and 455°K respectively. Compute the values 
of AQ, AU and AW for each of the processes. The process frome 
2 to 3 is adiabatic. 


Sol. In the process from 1 to 2, 


AW=Spd V=0 (volume remains 2 
constant) 
Tere p 
AQ= f Ciaran T 
= = 1275(600 — 300) 
=3750 joules. Ans. 1 3 


By the first law of thermodynamics, 0 V 


AQ=AU+ AW or AU=AQ0- AW Fig. 5.1 
= 3750 — 0 =3750 joules. 


In the process 2 to 3, AQ=0 (since the process is adiabatic) 
AW= An- Ta (see calculation of this in Chapter 7) 


=C\(T,—Tr) (a C=, 


= 12:5(600 — 455) = 12:5 x 145 = 1812°5 joules. 
AU=AQ-AW= 0 —1812'5= — 1812'S joules. 
In the process rom 3 4k, AW = fe paV =p (V,—V3)=pVi—PpV 2: 
or AW = R(T; —Tp) "pV =RT) 
=8'31(300— » 55) = fogs joules, 
AQ= fc, dT = C,(T,—Ts) = 1°67 X 12'5 x (300 —455) 


t 


8 


= +3235-6 joules. ( beatae ST }- 
By the first law of thermodynamics, AQ=AU+ AW 
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me APSA AW = (—3235'6)-(= 1288) = — 1989-1 joules, 


Ex. 9. Find the internal energy of air in a room of volume 40 m? 
at one standard atmospheric pressure, 


Sol. We haye U= 2 Ee - for a perfect gas. 


Y 
Air is diatomic and therefore its y is 1:4, 
: = 10°40 = = 105 -*) = 10? joules. 
yi Cory (p=1 atm=105 Nm ) J AN 
EXERCISES 
(A) 


1. The height of the Niagra falls is 50 m. Calculate: the difference between 


- the temperature of water at the top and the bottom of the fall. Specific heat 
‘capacity of water—1000 calor: 


many metres can a man weighing 60 kg can climb up by using this energy 2 
{Efficiency of working of human body=309/ ; J=4:2 joule per calorie and 
&=9°8 ms—.) (Ans. 214-3 m) 
3. How much work is needed to convert 5 gm of ice at —3°C to steam at 
100°C ? (Sp. heat capacity of ice—500 cal ke—1 K=; Sp. latent heat of fusion of 
‘ice=80>< 103 cal kg}; Sp. latént heat of Vaporisation of water— 536 x 10° cal kg- 
and J=4-2 joule per calorie.) (Ans. 15067°5 joule) 
4. A tube 2m long containing a little Mercury and closed at both ends 


at 100°C is converted into Steam ? Express your result in calories. (J=4-2 joule 
Per calorie; volume of 1 kg of steam at 109°C = 1650 10-32 and 1 atmospheric 
“Pressure = 105 Nm-?.) ‘ 
[Hint : Work done=pressure x change in volume.] (Ans, 39°26 J) 
6. A meteorite weighing 2000 kg’ enters into earth’s atmosphere with a 
‘Velocity of 1000 km per second, How many calories of heat will be produced ? 
(J=4°19 joule per calorie.) : (Ans 2°38 x10" calorie) 
7. If a lead bullet be suddenly stopped and allits e 


‘and J=4 2 joule per calorie.) : 
#. From what height must a block of ice fall to be just melted by the impact 
assuming that half of the heat generated is absorbed by ice? (J=4'2 joule per 
‘calorie and L=80 kilocalorie per kg.) (Ans. 6-857 x 104 m) 
9. With what velocity musta lead bullet at 50°C strike against an obstacle 
in order that the heat produced by the arrest of the motion, if all heat produced 
Temain within the bullet, must be Sufficient to melt it ? li 
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(Specific heat capacity of lead=31 cal. kg.-* K~?; melting point of 
Yead=335°C: specific latent heat capacity of lead=5370 cal Kg-*" and 
J=42 joule cal~.) (Ans. 345 ms?) 

10. A block of ice dropped into a well of water, both ice and water being 
at 0°C. From what height must ice fall in order that 1/100 of it may melt ? 
(Lof ice=80X 10* cal kg-t, J=4:2 joule cal-1 and g=9'8 ms-2.) (Ans. 343 m} 

11. In Joule’s experiment the falling weights which were 14 kg.each fell on 
average through 1 m. When they fell 84 times, the temperature of water in the 
calorimeter rose through 4°C, Calculate Joule’s mechanical equivalent of heat 
if 150 gm is the water equivalent of calorimeter and its contents. The time of 
fall of the weights were recorded and found to be 2 seconds. Sp. heat capacity 
of water is 1000 cal kg-t K-, (Ans. 3°91 joule cal-*) 

12. In the friction cone experiment the hanging mass which was 250 gm 
remained stationary when the wheel was rotated at the rate of 4 revolution per 
second. Calculate Joule’s mechanical equivalent of heat if there is 4°C rise in 
temperature in 15 minutes. The total water equivalent of cones and water in — 
jhem is 100 gm. Diameter of the wooden disc=50 cm, Sp. heat capacity of 
water= 1000 cal per kg per kelvin. (Ans, 4:33 J cal-*) 

13. A hole s drilled by a driller in a block of lead of mass 10 kg. The 
driller is driven by an electric motor of 30 r. p. m. and couple exerted by the 
motor on the driller is 10 Nm. Calculate the rise) in temperature of lead in 10 
minutes. J=4-2 J cal-4, Relative specific heat capacity of lead=-03 and sp. heat 
capacity of water 1000 cal kg? K=. (Ans. 14°96°C) 

14. A bullet of lead melts when stopped by an obstacle. Assuming that 
25 per cent of the heat is absorbed by the obstacle, find ihe velocity of the bullet 
if- its initial temperature is 27°C. ; 

(Melting point of lead=3279C, specific heat capacity of lead 
=30 cal kg-? K-1 and specific latent heat of fusion of lead = 6000 cal kg~*,. 
J=4-2 joules per calorie.) (Ans. 410 ms) (T.T. F. 1981) 
i 15. A thermally insulated vessel containing a gas whose molar mass is equal 
to M and the specific heat capacity ratio y moves with a velocity V. Find 
the temperature rise resulting from the sudden stoppage of the vessel. 

[Hint : AU=Cy AT.) [Ans. 4 My? (y—1)/R} 

16. Gaseous hydrogen contained initially under standard conditions in a. 
Sealed vessel of volume 5 10- m? was cooled by 55°K.’ Find how much the 
Internal energy will change and what amount of heat will be lost by the gas. 

(Ans. 252 joules; 252 joules} 


(B) 


ae spheres of masses 10 kg and 30 kg approach each other, with 
ee 0 ms~ and 20 ms~1 and collide complerely inelastically, What is the heat 
du uced by the collision ? What is the risein temperature ifall the heat pro- 
ced is retained by the spheres ? (Specific heat capacity of lead=31 cal kg-? K-* 
and J=4-2 joule cal-1) 
an : Consider conservation of momentum only. In complete inelastic 
pad two bodies stick together after collision. Kinetic energy is not 
ed in inelastic collision. ] (Ans. 3375 joule; *65°C} 
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passed through it. Calculate the value of J. Sp. heat Capacity of copper 
=100 cal kg-? K~! and Sp. heat capacity of kerosene oil=500 cal kg™! K-1, 


[Hint : Power=vco= C*R. Also see Ex. 7.) (Ans. 4:11 J cal~1) 
19. The anode of a diode valve is bombarded by a stream of electrons 
ach of mass 9 10-31 kg moving with velocity 107 ms-1 the mass of anode 


is ‘5 gm and its specific heat capacity 100 cal, per kg (J= 4-2 J cal-1) and 
31077 electrons hit it per Second, calculaie the Tate at which its temperature 
rises. (Ans. 64:3°C per sec) 

20. Water oozes out from a Porous pot, the pressura inside being 20 
satmosphere more than outside. If the temperature of water inside be 10°C, 
what would it be on coming out ? (J=4-2 joule cal-1; atmospheric pressure 


[an : Pressure energy per unit mass= 2 | (Ans. 10°5°C) 


[Hint AQ=AULAW, or Cp AT=CyAT+ AW 
or AW=(Cp—Cy) AT=RAT.] 


hen, as a result of hi 
temperature got back to the initial value, Find th 
y the gas in the process, (Ans. 2:5 10° J) 


24. Calculate the value of y for a gaseous mixture consisting of n, moles 
“Of Oxygen and n, moles of carbon dioxide, The values of y for oxygen and carbon 
ioxide are y, and y, respectively. Assume the gases to be ideal, 


f Hint: Un=U,4.U, and U= =a | 


Ans, y= Urata 1y)— nyny) 
ni(Ya— D-Hny, SH 


ame temperature. 


Latent heat capacity of steam=540 x 193 cal kg~1; volume of 1 kg of steam 


at 1000C=1:65 m?, (Ans. 500 calorie) 


[Aine : AQ=AU+AW: AW=p (V,—y.), Here = i nt 
heat capacity and A U=change in internal energy interan, work meas mg 


26. Three moles of an ideal gas being initially at a te =273 K 
‘Were Isothermally expanded n=5 times its initia] rolama i aai 
heated so that pressure in the final state became equal to that in the initial state. 
The total quantity of heat transferred to the gas during the Process equals 
Q=80 kJ, Represent the whole process on p-V diagram, - Find the adiabatic 
exponent of the gas, (Ans. 1-4) 


000 


CHAPTER 6 
SPECIFIC HEAT CAPACITY OF GASES 


1. There are two specific heat capacities of gases : 


(i) Specific heat capacity at constant volume (c,): The amount of 
heat required to raise the temperature of 1 kg of a gas at constant 
volume through 1°C is called specific heat capacity of gas at constant 
volume. - 


(ii) Specific heat capacity at constant pressure (cp): The amount 
of heat required to raise the temperature of 1 kg of.a gas through 
1°C at constant pressure is called specific heat capacity of gas at 
constant pressure: 


2. Relation of cp and c, : The specific heat capacity at constant- 
pressure is greater than specific heat capacity. at constant volume. 
Cy—¢y=r/J where r is the gas constant for 1 kg of a gas and 
¢pand c, are in calorie. If however Cp and ¢y are in joule‘then 
Cp—Cy =r. - 
If we consider 1 mole of an ideal gas then 


Cy—Cy= R where Cp and C, are molar specific: heat capacities 


at constant pressure and volume. Here Cp and Cy are in calories, 
Tf, however, C, and C, are in joule then Cp- 0, =R. 


3. Ratio of two specific heat capacities: The ratio of the two 
heat capacities of a gas is a constant of that gas and it depends on 
atomicity of the molecules of the gas. This ratio is denoted byy. 
Thus) y= Specific heat capacity at constant pressure (Cp) 

Specific heat capacity at constant volume (C,) 

For monatomic gas y= 1:67; for diatomic y = 1:41; 

for triatomic y= 1°33. 


4. Internal Energy of a perfect gas : 


m m RT pV 
=L C,T = A 
y uo My-1) -i 
c= eae 
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EXAMPLES 


Ex. 1. If the density of air at N.T.P. is 1293 kgm? and its sp. 
heat capacity at constant volume is 169 cal. kg K=, calculate the 
specific heat capacity ot constant pressure. (Density of mercury = 
136x103 kgm? at 0°C and J=4:2 joule cal.) 


ar saline 3 as _M 
Sol. Volume of 1 kg of air= 1393 m3.: ( è y=) 
Now we have, pV =rT for a gas of mass | kg. 


j : 2v9: 1 
(76x13:6x10°x9 9 ( A 


ge E La 
7 Tigra 


116 x98 x 136 x 103 


W ONEA ee 
pe 273 x 1293 
=287°2 Jkt 
r 2872 
Now Cp—Co= 7> or Cp= Cot 7 = 169 Lc ae 
or Cp = 169+68'4 =237'4 cal kg? K. Ans.. 


Ex. 2. In Regnault s method of determining specific heat capacity 
of gas at constant pressure gas was stored ina reservoir 50 litre capa- 
city at 10°C and 6 atmospheric pressure. The gas was heated to 100°C 
and passed through a calorimeter at 10°C. When the temperature 
rose to 30°C the calorimeter was detached from the heating bath. The 
pressure of the reservoir was found to fall to 4 atmospheric pressure 
in the mean time. Calculate the specific heat capacity of gas at cons- 
tant pressure if water equivalent of calorimeter and its contents was 
50 gm, Mass of | litre of gas at N.T.P.=1'25 x 10-* kg. 


Sol. Suppose m=mass of gas that escaped through calorimeter. 


Then heat lost by gas=mep ( DF ath ) 


=m (100-0) =mep 80 joule. 


2 
Heat gained by calorimeter and its contents 
= 50% 10-3 4200 (30-10) (° Sp. heat capacity of water 
=4200 Jkg-? K-1} 
=4200 joule. 
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To calculate mass ‘m’ we note that for a perfect gas we have 


P. 
—=a constant. 
el 


SIRE CERT So? where P,=initial pressure, P,=final 
Pil pel Po 3 
pressure, Py) = normal pressure (1 atmosphere). Tọ=normal tempera- 
ture (273°K) and T=temperature of reservoir. 


Pipolo PPoTo 
== and p= 22, 
iy P,T 
*, m=initial mass— mass remaining 
=Vp,—Vo2.=V(py—p2) where V=vyolume of reservoir 


se Vp Pa) Je 
or m=Vpy Bree 
Here, V=50 litre=50 x 10 m3; p=1:25 kgm-3 
6 atmos. —4 atmos 273 
=| os P ee An aT aT 
TEP E 25( 1 atmos, ` 2713+10 
273 
ts By 4 Beh 
50x 10-8 x 1:25.%2 x 783 kg. 
= ee =903 Jkg K- Ans. 


C. $ 
? 80% 50x 10-8 125x273 


Ex. 3. In Jolly’s differential calorimeter one of the spheres of 
volume 1 litre was filled with experimental gas at 10 atmospheric 
pressure. When steady state was attained thé excess of steam that 
Condensed on this sphere was ‘378 gm. Calculate the specific heat 
Capacity of gas at constant volume. (initial temperature of gas= TC 

„and L of steam at 100°C = 540 x 10 cal kg-1, J=4'2 J cal and den- 
Sity of gas at 1 dimospheric pressure='8 kgm™.) 


Sol. Density of gas at 10 atmospheric pressure=10X*8=8 kgm- 
because pressure is proportional to density. |... 
mass of gas=8.x 1000x 10¢=8 x 10 kg ("5 M=V xD) 
Heat gained by gas= 8x 10-3 xe, (100—15)=8 85x 10- cy J. 
_ Heat lost by steam =-378 x 10-* x 4°2% 540x 108 joule 
='378 x 4'2 x 540 joule. 
8X85 x 10-8 ¢, = "378% 4:2 % 540 
_ 7378 x 4:2 x 540 
ni 8X 85x 10-8 
or Cy $1260 Tkg-? K-14 Ans} 
N. E. P.-15 


or Co 
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EXERCISES 
(A) 


1. The volume of each sphere of a Jolly differential steam calorimeter 
is 500 c.c, and the excess of steam condensed is ‘1 gm. Find the specific 
heat capacity of the ga; at constant volume. The initial temperature of gas 
is 15°C and density of gas 6 kgm-*, The latent heat capacity of steam 
= 540>¢ 10 cal kg-*. (Ans. 211°8 cal kg-? K-*) 

2. Find the value of Joute’s mechanical equivalent of heat from the follow- 
ing data: density of hydrogen at N. T. P, is 09 kg m5 its specific heat capacity 
ai constant pressure =3400 cal kg? K~ and ratio of specific heat capacities 
()=14- 


| in + Use y= and | (Ans. J=4°244 J cal“) 


3. The specific heat capacity of helium at constant pressure is 1250 cal 
| kgk-+. Assuming that the gas is monatomic calculate the mechanical equivalent 
of heat. Density of gas at N. T. p,='1785 kg m~. 

[ i + y for monatomic gas=5/3. Use formula» EnA 
: (Ans. 416 J cal“) 
4. The difference in the two molar specific heat capacities of gas is 2 calorie. 
Calculate the mechanical equivalent of heat assuming that molar volume of & 
gas at N. T.P. is °0224 m°. (g=9°81 ms- and density of mercury =13°6 x 10* 

kg m™.) 


[Hint + Cp—Cr= z and use PV=RT.] (Ans. 416 J cal 3) 


5, The velocity of:sound through CO, at 02°C is 259 ms- and its specific 
heat capacity at constant pressure is 220 cal kg-? K-* and y=i-31. Calculate 
the value of J. 


[a an (velocity of sound)= a m ; = = -] 
(Ans. 3:6 joule cal73), 


6. One cubic metre of air at 27°C and 10° Nm- pressure weighs 1:18 kg. 
Calculate the value of gas constant for 1 kg of gas and calculate cp of air if cv 
of it is 168 cal kg-* K- and J=42 J cal: i 

; (Ans,. 282:5 J kgs? K=}; 235:3 cal. kg-* K~) 

7. ‘Phe density of a gas at N. T. P:=2468 kgm? and cp=156 cal kg™? Kai, 
Find the ratio of specific heat capacities of the gas. Is it diatoraic or triatom ic ? 

' A (Ans. 13; triatomic) 

8. In the determination of sp, heat capacity at constant pressure by 
Regnault’s method the gas was supplied from a reservoir of volume +03 m? at 
10°C and 6 atmospheric pressure. The pressure of the gas was reduced to 2 
atmosphere at the end of the experiment, the temperature remaining constant at 
10°C, The temperature of oil bath of the apparatus was ma intained at 150°C- 
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‘The hot gas was led into a calorimeter at 10°C. The final temperature of the 

calorimeter and contents was 31°5°C and its water equivalent 210 gm. If the 

density of the gas is ‘089 kg per cubic metre at N. T. P., calculate the specific 
heat capacity of the gas at constant pressure. 

(Ans. 3391 calories per kg Per kelvin) 

9. One cubic metre of hydrogen at 0°C and 76 cm of Ag weighs ‘0896 kg. 

The specific heat capacities of hydrogen at constant pressure and volume are 

3409 and 2411 cal per kg per kelvin respectively, Calculate the value of J. 

(g=9'81 ms~*; density of mercury=13-6 x 10° kg per cubic metre.) (Ans. 4°15) 


(B) 


10. The gram-molecular sp. heat capacity of hydrogen at constant pressure 
=6°865 cal and volume =0-0224 cubic metre and: coefficient of expansion of 


1 
hydrogen at constant pressure (a)= 373-3 Per kelvin. Calculate the value of J. 


(1 atmospheric pressure =1-013 x 10° newton per square metre.) 
[Hint : Use =e. Hydrogen being diatomic y=1:-4; PV=RT; use T=} 
to calculate the value of temperature on perfect gas scale; 


a ca (Ans, 4-232 J cal-) 


11. Two thermally insulated vessels 1 and 2 are filled with air and connected 
by'a short tube equipped with a valve.. The volumes of the vessels, the pressures 
and temperatures of air in them are V,, Py T, and V,, Po» Ta respectively. 
Find the air temperature after the opening of the valve. $ 

; TT (p ViHP: Va) VitpeV, 
De, 1 Lrg 2 p= ani 2 
(ans. PATENTI E VN 

[Hint : Use the facts that U=U,+-U, and m=m, +m.) 

12. If the kinetic energy of molecules in 5 litres of helium at 2 atm is Æ, 
what is the kinetic energy of molecules of 15 litres of oxygen at 3 atm in terms 


of E? [in : Use | (Ans. 7°5 E) 
13. One mole of oxygen is mixed with one mole of helium. What is y of the 
tmixture ? (Ans. 5/4) 


Dao 


CHAPTER 7 
ISOTHERMAL AND ADIABATIC PROCESSES 


1. Isothermal Process : Whena gas expands or shrinks with heat 
entering or leaving it but its temperature remaining constant, it is 
said to undergo an isothermal process. Fora perfect gas 

pV =a constant Roos (> 
in an isothermal process, The constant is RT where R is the gas 


constant and T is the absolute temperature. 
Vv, 


Work done in isothermal change= f $ pdV= R av 
v% 
=RT loge Va riso (2 
v1 


When a gas is expanded or compressed slowly, the process is 
isothermal. 


2. Adiabatic Process: When a gas expands or shrinks so that 
heat can neither enter nor leave it, the process is said to be adiabatic. 
- For adiabatic change we have, pV’=a constant (k) RTE 
where y is the ratio for the specific heat capacity of gas at constant 
pressure to specific heat capacity at constant volume. We have 
pV=RT always. 


Eliminating p, we have TV’—=a constant ay 
Eliminating V, we have T’p'~’=a constant .. ap) 
V, v, 
Work done in adiabatic process= Í 3 pav = { * y-ray 
vy uy 
ap Stat 
1-7 


Vet. Volt — pV t V 
= eg a C piVi=pV'=k) 


Work done in adiabatic process= AT se (4) 
yas 
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When a gas is compressed or expanded suddenly, the change is 
adiabatic. 


. EXAMPLES 


Ex. 1. A motor car tyre is pumped up to a ‘pressure of two 
atmospheres at 15°C when it suddenly bursts. Calculate the result- 
ang drop in temperature of the escaping air (y=1°4). 

Sol. As it bursts suddenly, the change is adiabatic, 

We have, T’.p' =a constant. 

D Töp" =T'p." 

or — (273 +15)!(2p) "=T," (po) "where py=1 atmosphere 


or 2881:4,21-14 pl =T;14 ppi" 
or 288142-4- Tact 
2881-4 
or Yeh es 
or 1-4 log T,=1°4 log 288 —4 log 2 
or logT, =log 288 Sioe 
14 
is 4x 3010 
=2°4594 ron ee 
=2°4594 — +0860 =2°3734 
T,=206°3 K 
Drop in temperatue =288.— 236:3 = 51:7, K. Ans. 


Ex. 2. A certain volume of dry air at 20°C is expanded to three 
times of its volume (i) slowly, (ii) suddenly, Calculate in each case the 
final pressure and temperature. Atmospheric pressure=10°Nm~, y of 
air =1:4, A 

Sol. When process is slow, temperature remains constant and we 
may take it as an isothermal process for which we have 

pV =a constant, 


105.7 =p,.3V or ps D uga Nm-*, Ans. 


When process is sudden, it is adiabatic. 


In adiabatic change temperature-volume relation is 
TV’ =a constant 
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(273-420) V24-1= (273-41) VEE 


or 293V4=(273-+3"V'4, or (273+1)= 2 
log(273 +4) =l0g293 —log3"*= 1og293 —°4 log3 
or Jog(273-+1) © 2°4669—"4x°4771=2:2761 
273 +-t=anti log2-2761 = 188'8 
= —84-2°C, 


To find pressure we have to use ‘pressure-volume’ relation im 
adiabatic change which is pV*=constant. 
; 108 V1-4=p,(3V)™4, or 10° V14=p,34.V14 
10° 


or P= zia 


logp,=1log10°— 1'4 log3 
=5-—14X*4771 =5— 6479 =4°3521 
Os p:=anti log4-3521 2:25 x 10# Nm? 
‘Ans. In slow process final temperature = 20°C 
and pressure = 3°3 x 104 Nm. 
In sudden process final temperature= — 842°C 
and pressure=2°25 x 104 Nm. 


Ex. 3. A certain volume of a gas (diatomic) expands isothermally 
at temperature 20°C until its volume is doubled and then adiabatically 
until its volume is again doubled. - Find the final temperature of the 
gas.(y=1'4). There is ‘1 mole of the gas. Also calculate work done 

-in the two cases. R=8°3 J mol-* K=. i 

Sol. We require T-V relation to calculate the final temperature. 


We have, TV’-*=const. i. (2713+20). V"= = (273-++t)2 Ma 
5 
-or BHA = D 
log(273-+1)=10g293 —*4 log2 =10g293 —*4 x °3010 
= 2:4669 — 1204 

or log(273-+#)=2°3465 or 273 +t=anti log2'3465 
or 2734-42221; *, t= — 5039°C. Ans.. 
(i) Work done in isothermal process 

—RTlog, 42 =23 293 log, 2” 


Pi 10 4 
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"83 x 293 x 2'3 logy2 (°° logex=2°3 log,,x) 
*83 x 293 x 2'3 X *3010= 1°684 x 10? J. Ans, 


(ii) Work done in adiabatic process 
—R(T-T') _:83(293 —222°1) 


y-1 14-1 
= B3X709 = 147x108 J. Ans. 
EXERCISES.. 
(A) 


1. A quantity of air at 10°C (y=1'4) is compressed (a) slowly and (b) 
“suddenly to one-third of its initial volume. Find the change in temperature im 
each case, [Ans. (a) no change, (b) 165:98° C] 
2. A volume of gas at atmospheric presčure is ccmpressed adiabatically to 
“half of its original volume. Calculate the resulting pressure (y=1"4). 1 atmos- 
“Phere=+76 m of mercury. (Ans. 2 m of Hg) 
= 3.A gas of y=1:4 and initial temperature 0°C is suddenly compressed to 
-4th of its original volume. Calculate the rise in temperature. (Ams. 246‘5°C) 

4. A volume of gas at 15°C expands adiabatically until its volume is doubled. 
‘Find the resultant temrerature given that the ratio of specific heat capacity of 
the gas=1-4, (Ans. — 547°C) 
- 5. Avgas of given mass at a pressure of 105 Nm~? expands isothermally until 
its volume is doubled and then adiabatically until its volume is again doubled. 


Find the final pressure of the gas. (y=1°4) (Ans. 1°89 X 104 Nm-?) 
6: A gram mole of a gas at 27°C expands isothermally until its volume is 
doubled. Calculate the amount of work done. (R=8 J mol-*K-4) 


[sin : Work done in isothermal process=RT loge m 
1 


(Ans, 1°66 10° J) 


4 7. The tube of a motor car containing air at 27°C and 2 atmospheric pressure 
bursts suddenly. Find the temperature immediately after bursting. (y=1'4) 

(Ans. —26°9) 

8. A certain mass of a gas is taken at 0°C ina cylinder whose walls are 

Perfect insulators, - The gas is compressed (a) slowly, (b) suddenly till its Pressore 

1$ increased 20 times the initial pressure (y=1°42). Calculate final temperature 

In each case, (Ans. in each case final temperature is 389:2°C) 


9. One cubic metre of argon at 27°C is adiabatically compressed so that the 
temperature is 1270C, Calculate the new volume of the gas (y=5/3). 
(Ans. “65 m?) 


10. A gas at constant pressure P,, volume V, and temperature- 7, is suddenly 
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compressed to = and then slowly expanded to-V, again. Find the final 


temperature and pressure. (Ans. 2%-? P, and 2" T,) 
11. A cubic metre of dry air at N. T. P. is allowed to expand to 5 cubic metre 
(i) isothermally, (ii) adiabatically. Calculate ineach case pressure, temperature 
and work done. (y=1-4. and 1 atm=1:013X 10°/Nm~*) 
{Ans. (i) 2 atm or 2:03 10! Nm, 0°C and 3:6X 10° J, 
(ii) 1-064 x 10 Nm’, —129°6°C and 120 10° J] 
12. A mole of a monatomic perfect gas is adiabatically compressed when its 
temperature rises from 27°C to 127°C. Calculate the work done. 
R(T—T") 


y=1 ; y for monatomic gas=§] (Ams. 12465 J) 


[Hint : Work done= 


(B) 


13. A piston can freely move inside a horizontal cylinder closed from both 
ends, Initially the piston separates the space inside of the cylinder into two 
equal parts each of volume V, in which an ideal gas is contained under the same 
pressure P, and at the same temperature. What work has to be done by an 
external agent in order to increase isothermally the volume of one Part of the 
gas n times compared to that of the other by slowly moving the piston. 

[Hint : Let d be the distance by which the piston has to be displaced. 

` x 1 2 
Then "=f FagentX dx and Fagent=(P:—P1)A] (ans. PoV, log on) 
0 

14. A certain mass of a gas is compressed n times (in terms of volume), 
first adiabatically, and then isothermally. In both the cases the initial state of the 
gas is the same. Find the ratio of the respective works expended in each 


compression. . A w, a EEA. 
i as. Wa (y—1) log n> 


ogg 


CHAPTER 8 
CONDUCTION OF HEAT 


1, Thermal Conductivity : Consider ‘the flow of heat through 
a wall. 


Q (heat passing through the wall) oc A (area of wall) 


oct (time) 
cc(0,—0,), difference in 
temperature 
pete 
o= 
x 


where x=thickness of wall. 


Q =A 0)" where d is a constant of the material of 
x 


the wall. It is called coefficient of thermal conductivity, 


Unit of 12-42 MOE eS eer. 
nit of A =0)F mK; mK 


or. Watt mK (°. watt =Js71), 
or Cal m71K71s-1, } 


AAlO — 0) as rate of flow 


2. Thermal Resistance: We have, Q = s 


of heat through the wall; 


_ 0) ! 
(Gr) 


I (current which is rate of flow of charge) =K, we have (5) in 


or Q 


Comparing this equation with Ohm’s law, 


Place of R. If we take rate of flow of heat analogous to current and 
difference, of temperature analogous to potential difference, then 


x i 5 ye . . xX . 
vn 1S analogous to resistance, This is why this quantity (3) 1S 


termed as thermal resistance. Because of this similarity. allthe 
electrical laws, viz. Ohm’s law, Kirchhoff’s point rule and loop rule 


can be extended to combination of thermal conductors in the ‘steady 
State’, 
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EXAMPLES 


Ex. 1. A vessel of surface area 1 m° and of copper sheet of 
thickness 5 mm is filled with melting ice and is immersed in water at 
100°C. Calculale the rate at which ice melts. TI he conductivtiy of 
copper is 302°4 Js-tm—K- and the latent heat capacity of fusion of 
ice is 336 x 10° Jkg-*. 


Sol. Q (Rate of heat conduction) = allant), 


` Heat absorbed by ice=mL. 
Heat conducted by sheet of copper = Heat absorbed by ice. 


2A(Oi-%) -mE 
x 


or. VA =) — 302:4 x 1x (100-0) 
xL 5x 10-? x 336 x 10° 


Ex. 2. Two flat metal plates are placed with their surfaces in 
contact and their outer surfaces are maintained at temperatures of 
100°C and 0°C respectively. If the thickness of plates are 2 cm and 
1 cm and their thermal conductivities are 10 cal m-*K~*s~* and 20 cal 
m-1K-1s-! respectively, find the temperature of the surfaces in contact. 


Sol. Let @ be the temperature of the surfaces in contact. In the 
steady state, rate of conduction at common surface is the same. 


104(100—0) _ 20 A(0—0) 


210% 1x10 
or (100—0)=40; or 59=100; or 9=20°C. Ans. 
Ex. 3. Calculate the rate of increment of the thickness of ice layer 
on a lake when thickness of ice is 20 cm and the air temperature 
is —40°C. Thermal conductivity of ice=1*68 Js“ m> K~ and density 
of ice =920 kgm and latent heat capacity of ice 
= 336 x 108 Jkg-? K=. 


Sol. Let x be the thickness at time t. In the next short interval 


=18 kgs}. Ans. 


dt let thickness increase by dx. Then g is the rate of increase of 


thickness x. 


Heat conducted during dt = AAO — odt 
x 
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Heat given up by ice formed =(Adxp) L. 


hAl- O)dt _ AdrpL 
x 


dx _2(0,—0,) 
or Bo cae 


Rate of increment of thickness at 20 cm thickness 
___168{0—(=40)} 9°, a ea A i. 
= 920% 336xX10x20x107 e n 


Ex. 4. When the air temperature is —10°C the ice on a large 


shallow lake increases by 1 cm in 12 minutes. Find thermal conduc-- 
tivity of ice. 


(Density of ice =900 kgm-* and L=330x 108 Jkg-*) 
Sol. It is true that 
Heat conducted in short interval dt= Heat given out by ice formed.. 


1.A(6,— 0.) dt 
x 


=(Adxp)L 


Where x is the thickness of ice layer. The rest have their usual) 
Meaning, 


pL 


dtz a Ad, 
d TOE 
i Drange Eo xt 
d= oh ' Pode oe" 
J o=o, ARE haat aaa 
a PLS 
2(01 —0,)¢° 


a= 200 x 330 x 10° x (1x 10)* 9.96 Jimi K-, Ams. 
2{0—(—10)}.12.x 60 


Ex. 5. Three slabs of thicknesses dı, dj, dg and thermal con-- 
ductivities das Ào and às are placed in contact. Show that in the steady 
state the combination behaves as a single slab of material of 


Conductivity 2 given by Gar sai -4 +f +f. 
pi TRET, 
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Sol, Let us suppose that the temperature of faces are 61, 02, Os, Os 
respectively. Then in the steady state we have 


bo -Oo Gs & 2, A(01— 92) _ 22 A (02—03) 
Q = 
dı d, 
aA (03—01) . 
e age 
= 2% E odh 
0; i 02 — 6: mA 
Span Ods: 
ozu T 
Fig. 8-1. For the combination we have 
_ A(n- 04). _p — O(di +d +d) 
igo. |.) Denil ae. steamer W mal 
Now, — 01—0=(0r—92) + (@2— 03) + (03 — 04) 
O(d,+-d,+d3)_ Qdı 2d 2ds 
XA NA R há 
or dtdhtds di, dy ds, Proved. 
` hogy ada i 


Ex. 6. Two rods of material x and two of material y are connected 
«as shown in the figure. All the rods are identical in length and cross- 
sectional area. If the end A is maintained at 80°C and the last point 
D is maintained at 10°C, calculate the temperature of the junctions B 
and C in the steady state. Thermal conductivity of x is double of that 
of y. 


go'e 8 
YWMMUU“L£[05“ttj 
RS 


oç 


Fig. 8-2. 


Sol. In the steady state there is no accumulation of heat at any 
‘point. Hence at B, the incoming heat current must be equal to the 
‘sum of outgoing heat currents. This reminds us of Kirchhoff’s point 
rule in electricity. Suppose 24=thermal conductivity of x material 
and a= thermal conductivity of y material. Applying point rule to 
point B we have 
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DABO—0) 2AA 0) , 24(61—0,) 
_. E E A 


or 2(80—0,)=2(0, 0) (01—03). - 
or 160= 50: — 30, ae (i). 
Again applying point rule to point C we have 


22.4 (8; — 0) + 2X.A(0;— 02) — A(A2— 10) 
L L 


L 
or 2(01 — 03) ++ (01 — 0.) = 0, — 10 
or 30; —40.= —10. 
Solving for 0, and 6, wë have : 
01 = 6042 =61°C and 0;=48:3°C, Ans. 


Ex. 7. Two rods identical in length and cross-sectional area but 
one of brass and the other of lead are given coating of wax and then 
fitted in the side holes of a bath. Boiling water is poured into the 
bath. In which rod wax will melt first and to what extent? Thermal 
conductivity of brass=110 S. I. units and that of lead=35. Sp. heat 
capacity of brass =370 Jkg-1 K-! and that of lead=126. Density of 
brass =8500 kgm- and that of lead =11340 kgm. 


Sol. Thermometric conductivity i.e. rapidity with which a rod is 
heated is given by jee: 
ps 
Thermometric conductivity of brass 


110 2 
= ee S 10-5, 
8500x370 > * 


Thermometric conductivity of lead 


= 359-5 10-8 
~ 7340x1267 > 
Therefore brass will get heated first. The length to which wax 
melts is Proportional to the square root of- thermal conductivity. 
(See theory of Ingen Hauz experiment.) 
hy (of brass) — 4/24 (brass) 4/110 8177 


a ED OREN Oa Fai Ans. 
l, (of lead) V^, (lead) 35 1 f 
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EXERCISES 


(A) 


1. Aniron boiler 1:25 cm thick contains water at atmospheric pressure. The 
“heated surface is 25 m* in area and the temperature of the underside is 120°C. 
If the thermal conductivity of iron is 20 cal s*m—~?K~* and the latent heat of 
evaporation of water 5:36 x 108 cal kg (J =42 5 cal-). find the mass of water 
evaporated per hour. (Ans. _537°3 kg per hour) 

2. A slab consists of two parallel layers of different materials 4 and 2 cm 
thick and of thermal conductivities 54 and 36 cal s-1m—2K7? respectively. If the 
faces of the slab are at 100°C and 0°C, calculate the temperature of the surface 
opposite dividing the two materials. (Ans, 42°85°C) 

3. Heat is conducted through a slab composed of parallel layer of two 
different materials of conductivities 1344 and 58°8 S. I. units and of thicknesses 
3-6 cm and 4:2 cm respectively. The temperature of the outer faces of the 
compound slab are 96°C and 8°C. Find (i) the temperature of interface, 
ii) temperature gradient in each section of the slab. 


Difference in temperature 
Thickness 2 


[Ans. (i) 72°C, (ii) 666°7°C per metre; (iii) 1523-8°C Per metre] 


4. A copper rod of length -25 m and 10-* m in area of cross-section is heated 
at one end by Putting it in a liquid boiling at 125°C whereas the other end is kept 
cold by dipping ‘it in ice-cold bath. Find (i) temperature gradient, (ii) the rate 
cof heat transfer, (iii) the temperature at a point in the rod ‘1 m from the higher 
temperature end. (A of Copper =92 cal s-* m~? K~*) y 

[Ans. Gi) 500°C m-, 4+6 cal s~, (iii) 75°C] 


5. Calculate the thermal resistance of an aluminium rod of length 20.cm 
and area of cross-section 4 cm’. The thermal conductivity ‘of aluminium is 
210 Js-1 m7? K=, 


| sm : Temperature gradient= 


[ nme : Thermal resistance= (Ans. 2°38 S. I. Units) 
6. Show that if three slabs of thermal resistances Rr, Ry and R, are Placed in 

‘contact, the thermal resistance of the compound slab is given by. R=R,4+Ret Rs 
[Hint : See Ex. 5) 

O TLA hollow cube of metal with sides:8 cm (interna!) and ‘5 cm thick is filled 
with ice at 0°C and is immersed in boiling water at 100°C, How many kg of ice 
will melt in one minute ? Thermal conductivity of metal=252 J m7s#K- and 
the latent heat capacity of ice=336x 10° Jkg-*. (Ans. 34°56 kg) 

8. A boiler whose thickness is 3 cm is placed ona plate having an area 1 m’. 
The temperature of the plate is 300°C and that of boiling water in the boiler is 
109°C. How much water will evaporate Per minute ? (Conductivity of 
steel=63'0 Js-1 m-1 K-1and sp. latent heat of vaporisation of water =2251°2 
10? Jkg-3.) A (Ans. 11:2 kg) 
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9. A hollow glass sphere whose thickness is 2mm and external radius is 10 
‘em is filled with ice and is placed in a bath Containing boiling water at 100°C, 
Calculatethe rate at which ice melts. Thermal conductivity of glass=1-:1 Js-3 
m- K~ and L of ice=336 x 10° Jkg-1, (Ans. ‘02 kgs-1) 
10. In Ingen Hauz’s experiment there are two identical rods, identical in 
respect of. length and cross-sectional area coated uniformly with wax. +The 
material of one rod is copper whose thermal conductivity, sp. heat capacity and 
density are 385, 385 and 8930 S. I. units respectively and the material of the other 
is silver whose thermal conductivity, sp. heat capacity and density are 419, 235 
and 10500 S.I. units respectively, Compare the lengths to which wax will melt 
in the two rods. In which one wax will melt first ? 
[Ans. *96 : 1; h (Of copper)=1°12x 10-5 and h (silver)=1-70 x 10-4; in Silver] 


(B). 


11. Three rods of material x and three of material y are connected as shown 
in the figure 8-3, All the rods are identical in length and cross-sectional area. If 
the end 4 is maintained at 60°C and the junction E at 10°C, calculate the 
temperature of the junctions B, C and D. The thermal conductivity of x is 
192 cal s-? m-1 °C~2 and 96 cal s-! m-? 0C-1, (l. I. T. 1973) 

[Hint : See Ex. 6 and Fig. 8-3.) 


(Ans. temperature of B=30°C; temperature of D=temperature of C=20°C) 


Fig. 8-3 


12. A closed cubical box made of a perfectly insulating material has walls of 
thickness 8 cm and the only way for heat to enter or leave the box is through 
two solid, cylindrical, metallic plugs, each of cross-sectional area 12 cm? and 
length 8 cm in the opposite walls of the box, The outer surface of one plug is 
kept at 100°C while the outer surface of the other plug is maintained at 4°C. 
The thermal conductivity of the plug is 50 cals-?m-?K-1. A source of energy 
Senerating 36 cal s~1 is enclosed inside the box. Find the equilibrium temperature 
of the inner surface of the box assuming that it is the same at all points on the 
inner surface, (I, I. T. 1976) (Ans. 76°C) 

13. A room is maintained at 20°C by a heater of resistance 20 ohms cornected 
to 200 voit mains, The temperature is uniform throughout the room and heat is 
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transmitted through a glass window of area 1 m? and thickness 2 mm. Calculate 

the temperature outside. Thermal conductivity of glass is *2 cal s~-? m-* Kr? 

and mechanical equivalent of heat is 4:2 J cals - Œ. IL T. 1978) (Ans. 15:2°C) 

14. Two chunks of metal of masses m, and m, and specific heat capacities c, 

and c, are interconnected by a rod of length! and cross-sectional area S and 

conductivity à. The whole system is thermallyinsulated from the environment. 

At the moment 1=0, the temperature difference between the chunks of metal 

` equals @,. Assuming the heat capacity of the rod negligible, find the temperature 
difference between the chunks after. timez. 


ASI i 
[Hint : dg_ ht dQ=—myc,d0,=myc,40, and 0=0;- 02) 


dt 
a 1 7] 
= al = ——1+—_ }- 
[ans @=@,e-% where a ( at =) i 


mimin 


CHAPTER 9 
KINETIC THEORY OF GASES 


1. According to this theory gases consist of innumerable particles 
called molecules in chaotic motion and temperature of gas is mani- 
festation of the energy of the molecules. The pressure of the gas 
arises due to the impact of the molecules on the wall of the container. 
According to this theory pressure of a gas is given by 


p= mnC? 
ee ease LS 
where m= mass of each molecule, n=number of mo 
volume, C? is mean square velocity of molecules and 
square velocity. 


lecules per unit 
Cis root mean 


cra CPt CP+CP+.... +058 
Be ys ae as 
Since mn=p, density of gas, 
> p=5pC?. 
of gas and V= molecular volume then 
p=M/V. 
p=4M[|V.C? or pV= Mce 
PV=RT.;_ <. _ RT=1MC?. 


BRE 
c- JAT 


Kinetic energy per unit volume 
=M + 3mCP + imCe+.... --amC,? 
= 3mnC*=}pC? = 8p. 
u (K.E. ofa gas per unit volume) = $p. 
U (K.E. per mole of a gas)=$pV 
SPRL (pr = RT). 


If M=molecular weight 


2. Kinetic energy of gas : 


3. Avogadro’s Number : The number of molecules in a mole of 
4 gas is called Avogadro’s number. 
N, E. PHY.-16 
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N (Avogadro’s number) = 6:022 x 1033 gm mol 


or 6:022 x 108 kg mol“. 


4, Boltzmann Constant (k) : The universal gas constant per 
molecule is called Boltzmann, constant. It is denoted by k. 


R 
Raa: 


k=1:38 x 10-8 JK". 


‘or 
a K. E. per molecule = ane =8kT. 
We have, pV =RT 
= RT _NKT 
ETEK AM 
or p=nkT G n=) 
EXAMPLES 


Ex. 1. Calculate the r. m. s. velocity of molecules of a gas whose 
density is 1'4 kgm? at a pressure of 16 cm of mercury (sp. gr. of 


mercury =13:6 and g=9'81 ms~*). 
Sol. Wehave © p=§%pC?; or c- [2 
p 


c- [2x060 
EE e E A 


(~ density of water = 1000 kgm~*) 
or C=4-66 x 10? ms. Ans. 


_ Ex. 2. Calculate the root mean square velocity of the molecules of 
hydrogen at 0°C and 100°C from the following : Densily of hydrogen 
at normal pressure and temperature="0896 kgm- and Density of 


mercury = 13°6 x 108 kgm. 
Sol. We have, c= j2. 


c =,/% ‘76 X 13°6 x 10° x 9°81 
o= 


70896 


= 1°84 10? ms“, 


At 0°C, 
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For a perfect gas we haye, aaa constant, 


Pes Pei 
Polo pT 
K TA 
CT T 
EIF or C=C, T 
C=1'84 x 108 AEH NO 2-18 x 108 ms- Ans. 


Ex. 3. A certain mass of hydrogen occupies 100 c.c. at a pressure 
105 Nm at 27°C. What is the mass of hydrogen ? Molecular weight 
of hydrogen is 2 and R=8'3 J mol K^. $ ` 

Sol. Let there be x mole of hydrogen. 

R is gas constant for a mole, therefore for x mole of gas, the 
constant is xR. 

PY =xRT is the equation for x mole of gas. ; 

10ë x (100 x 10-6) =x.8°3 x (2734+27 C7 1 ¢.c.= 10-8 m3) 
= 105 10 
8:3 x 300 83x3. 
1 mole hydrogen has mass 2 gm, 
x 39 29) ., 393° 2% gm. 


Required mass = ='008 gm=8 x 10-8 kg, Ans. 


2 
83 x3 


Ex. 4. At what temperature will the root mean square velocity of 
molecules of a gas be double of that at 0°C 2 


Sol. We have, Cesa 
pa ei 
Co M To 


It is required that C be 2C). 
2C =/ T 
Co To 


or T=4T)=4 x 273=1092 K 


or 4 


vs t= 1092-273 =819°C,: Ans. 
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Ex 5. The molecular weight of a gas is 2. Calculate the mear 
square velocity of its molecules at 0°C and 100°C given that R="83 
J mol K-. 


Sol. We have, pV =RT and pV=4MC* 


3 luek or Ca ARE. 
3 M 
Here R=8'3 J molK-1=8'3 x 1000 J kg molK-3 
M=2 kg. ` 
x. c- [IA 1000x273 =1'844 x10? ms7. 


‘at 100°C, C= i= ale (273+ 100) 


=, | PEROT = 2155x108 ds: Ata 


EXERCISES 
(A) 


1. Calculate the root mean square velocity of a nitrogen molecule at N.T.P.. 
if the density of hydrogen under the same condition is9x10-*kgm-*. 
(Ans. 4°91 x 10? ms~}) 
2. If the root mean square velocity of the molecules of hydrogen at 
N.T.P. is 1:84 kms~3, calculate the root mean square velocity of oxygem 
molecules at N.T.P. Molecular weights of hydrogen and oxygen are 2 and 32. 
respectively. 
[Hint : PV=įMC; ~. co at a constant pressure and temperature.) 
(Ans. *46 kms~*) 
3. Calculate the number of molecules per unit volume of a perfect gas at 
27°C and at pressure 10 mm of mercury. Density of mercury=13°6 x 10° kgm-* 
and Boltzmann constant =1°38 x 10-*? J K=". (Ans. 3:22 10%) 
(Hint : Use p=nkT) 
4. Calculate the molecular kinetic energy of hydrogen at 100°C. Molecular 
weight of hydrogen is 2 and R=83J mol-1 K=. Is it same for all gases ? 
: (Ans, 4643:85 J mol; yes) 
5. Calculate kinetic energy per unit volume of a gas at pressure 10 mm 
of Hg. (Density of Hg=13°6 10° kgm and g=9°8 ms~*) .(Ans. 19992 joule) 
_ [Hint : K.E. per unit vol.=3/2p] 


An? 
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(B) 


6. An- electric bulb of 250 c.c. was sealed off during manufacture at a 
pressure 10-8 mm of Hg at 27°C. Compute the number of air molecules in the 
bulb. (Avogadro’s number=6 x i0** mol-? and R=8'3 J mol-1K-1.) 


R 
(Hint : k (Boltzmann constant)=>;. Use p=nkT.J (Ans. 8°05 > 1075) 


7. A vessel of water is put in a dry sealed room of volume 50 m? at a 
temperature 27°C. The saturated vapour pressure of water at 27°C is 40 mm 
of mercury. How much water will evaporate before the water is in equilibrium 
with its vapour ? (Relative density of mercury=13*6; g=9:8 ms-? and 
R=8'3 J mol-'*K-1) 

[Hint : Considering vapour as a perfect gas, calculate mass of water 
vapour. Molecular weight of water vapour is 18. To calculate mass of vapour, 
see Ex. 3.) (Ans. 1:927 kg) 


8. A lamp of volume 50 c.c. was sealed off during manufacture at a pressure 
‘1 newton per square metre at 27°C. Calculate the mass of the gas enclosed 
inthe lamp. Molecular weight of the gas=10 and R=8-3 J mol-? K~. 
(Ans. 2 10-2" kg) 
[Hint : See Ex. 3] j 
9. A cylinder of length 42 cm is divided into chambers of equal volumes 
and each half contains a gas of equal mass at temperature 27°C. The separator 
is a frictionless piston of insulating material. Calculate the distance. by which 
the piston wi Il be displaced if the temperature of one-half is increased to 57°C. 
i (Ans. 1 cm) 
10. A column of mercury 10 cm long is contained in the middle of a 
narrow horizontal 1 m long tube which is closed at both the ends. Both the 
halves of the tube contain air at a pressure of 76 cm of mercury. By what 
distance will the column of mercury be displaced if the tube is held vertically ? 
I (I. I. T. 1978) 
[Hint : Apply Boyle’s Law.] (Ans. by 3 cm downward) 


11. One gram-mole of oxygen at 27°C and one atmospheric pressure is 


‘enclosed in a vessel. Calculate the number of collisions per second which the 


Molecules make with one square metre of the vessel wall. (I. I. T. 1983) 
(Ans. 2:95 10°) 


(Hint: v={ n c(a result of kinetic theory after rigorous calculation. Take 


c =Crms)] 


_ 12. A vessel containing one gram-mole of oxygen is enclosed in a thermally 
insulated vessel. The vessel is next moved with a constant speed y and then 


S suddenly stopped. The process results in a rise of the temperature of the gas 


by 10°C. Calculate the speed y,. (I. I. T, 1983) (Ans. 36:0 ms-+) 
(Hint : 4My,2=C, AT=-5 AT] 
"13. A thermally insulated vessel containing an, ideal gas (M=4) ata 


‘temperature ¢=27°C moves with velocity v=100 msi. How much (in per cent) 
Will the gas pressure change on a sudden stoppage of the vessel? _ 


Ap _ MY? sgo 
(ans. = srr = 34% 


000 


SOUND 


CHAPTER 1 
WAVE-MOTION : INTERFERENCE AND BEATS 


1. The equation of a progressive wave of amplitude a, frequency 
n and wavelength A is 


yä sin ot - =) where o=2nn 
or a sinda( z- x) where T= period of wave 


or asino( 1 x) where C=velocity of wave. 


C=n where n= frequency in hertz (Hz) 
and 4A%=wavelength in metre (m). 


2. If two progressive waves of the same amplitude and frequency 
emerging from the same source meet at a point they may produce 
parmanent ‘Silence’ at that point or Maximum sound. This pheno- 
menon is known as Interference. 

Condition for ‘Silence’ : 

Path difference =(2s— 1)A/2 where s=1, 2,.3,.... 


Condition for maximum loudness : 
Path difference=sa where s=0, 1, 2, 3,.... 


3. When two progressive sound waves of the same amplitude 
but slightly differing in frequency meet together, loudness of 
resultant wave alternately becomes maximnm with waxing noise and 
minimnm with waning noise. This phenomenon of waxing and 
waning of loudness of resultant sound wave is known as Beats. 

If n,=frequency of one wave and m,=frequency of the other 
wave then number of beats per sec, = nı ~na. 

[Note : Frequency of a body decreases on being loaded and 
increases when it is filed.] 
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EXAMPLES 


Ex.1. Show that the equation y=a sin (pt—kx) represents a 
progressive waye. Calculate the velocity of the waye. 


Sol. According to this equation y is the disturbance at a dis- 
tance x at time t. Let y’ be the disturbance after 1 sec at a distance 
(x+p/k). 

Then we must have, 

y =a sin {p(t-+ 1) —k(x-+p/k)} 
=a sin{ pt-+-p—hx—p} 
=a sin(pt—kx)=y. 

Thus according to. this equation disturbance which exists at a 
distance x now will occur ata distance (x--p/k) one second after. 
Hence we say that this equation represents a progressive wave of 
velocity p/k. 

Ex. 2. In Quincke’s experiment on interference of scund a tuning 
fork of frequency 540 Hz is used. Calculate the distance by which 
the sliding tube is to be drawn out to pass from one minimum to the 
next minimum. $ (Velocity of sound=350 ms~*) 

Sol. Let x, be the length of path of one wave and x, be the 
length of path of the other wave. Then path difference of waves is 
%.+x,. For minimum we have i 

X_—X,=(2n— 1)a/2 
where n may be any integer. Let us draw out the tube by x, The 
path of the second wave is increased by 2x. Hence path difference 
is now (2x+x,— xı). For next minimum we have 
2x1 xX — x= (2n-+ 1)a/2 ; " 
2x=2. or x=A/2, 
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Cs 350 
E oaae pacha 
n. 540." 
350 
== =" “4 . e 
x a5 m='324 m or 32°4 cm Ans. 


Ex. 3. Calculate the velocity of soundin a gas in which two waves 
of wavelength 1 m and 1°01 m produce 20 beats in 6 seconds. 


Sol. We have, m1=C, .. m C and n= C 


1 1'01 
Obviously, n; >Mg. 
Number of beats per second =?2=42, ny — n=} 
ai COUR AIG cx:0l _ 10 


Tors? oT T 
or ce = 326-61 ms-, Ans. 


Ex. 4. Two tuning forks make 4 beats per second when sounded 
together. One fork makes 256 vibrations per second and the beats 
cease when the other fork is loaded with a small piece of wax. What 
is the frequency of the second fork ? 


Sol. Since there are 4 beats per second, the frequency of second 
tuning fork will be either 256+4=260 or 256—4=252. On loading 
frequency decreases. Now if 260 is the true frequency, the beats 
after loading may disappear because frequency may decrease from 
260 to 256. But, if 252 is the true frequency beats can never 
disappear on loading because it is physically impossible that frequ- 
ency decheases from 252 to 256. Hence 260 is the true frequency. 

Ans. 260. 

Ex. 5. Fifty-one tuning forks are arranged in order of increasing 
frequencies so that each fork gives 3 beats per second with the next. 
The last fork gives ‘fifth’ of the first. Calculate the frequency of the 
latter, 


Sol. When two frequencies are such that they are in the ratio 
3: 2, the first is said to be ‘fifth’ of the second. 
Let n be the frequency of the Ist, 
then frequency of the second =n+3 
Ae egies third=n+2 3 


er er 
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It is given that, maxi 2 
or 2n+300=3n 
or n= 300, Ans. 


Ex. 6. A wave of frequency 300 Hz has a phase velocity of 350 
ms’. (a) How far aport are two points x/6 out of phase? (b) What 
as the phase difference betweenitwo displacements at a certain point at 
times 10-* s apart ? 


be nas od ge, C BAIT. 
Sol.. We have, C=m); ~. eae wale ae om 


According to the definition of wavelength, A is the minimum dis- 
tance between two particles which are out of phase by 2r, 
Phase difference 2n= Path difference 7/6 m 


3 i Exp iia} 
. ” ” n/6= 33 23 6 <2n x 6 72 
='097 m. Ans. 


Again at the same place two displacements are out of phase by 
2n when time spacing between their occurrence is T. 


1 1 


Now, tapi a's Te agy second. 
Thus, $5 second = Phase difference by 2n 
102S 7% DAY ae x 10-7 =6r. Ans. 
300 


Ex. 7. A cylinder of length 1 m is divided by a thin perfectly 
flexible diaphragm at the middle. Tt is closed by similar flexible 
diaph'agms at the ends. The two chambers into which it is divided 
contain hydrogen and oxygen respectively. The iwo end diaphragms 
are set into vibrations of the same frequency. What is the minimum 
Srequency of these diaphragms for which the middle diaphragm will be 
motionless ? Velocity of sound in hydrogen=1100 ms and that in 
oxygen =300 mst, 


Sol. Let n=required 4 meria 
frequency, We have, : 


Ciny meS APE eaa a 


Aig = 1100 Fig. 1-2. 
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E 
We know that, path diff. A=phase diff. 2x 
233 33 a=", 
A 


where 2a=length of cylinder. 
+. Phase diff. of waves reaching the middle diaphragm 


i PR A LIN A PE PN Ge T 
Pie AN +) anal 0 EN) 


1 1 
= 2nan{ —— ———— }. 
( 300 a) 
For the diaphragm to be motionless, it must be a seat of node- 
A point is a node when two waves meet at that point in antiphase, 
i.e. their phase difference at that point is x, 37, 5n, Tx, ..-. Hence 
for minimum frequency we have 


1 sat 

2nan deta)" 

Here, 2a=1m, or a=} m. 
1 f 11-3 

. Ar = = D] > Ans. 

m.g A) m, or n=412°5 Hz n 

EXERCISES 
(A) 


1. A plane progressive wave is y='02 sin (400£—:12x): Calculate) the 
following—(i) amplitude of wave, (ii) frequency of wave, (iii) wavelength of 
wave, (iv) interval at which a compression follows a rarefaction, (v) velocity. of 
the wave. 


[Hint : Compare this given equation with the standard formula 
f an \ | 
y=a sin{ of—>-x j}: 
[Ans. (i) 02 m, (ii) 63:6 Hz, (iii) 52-4 m, (iv) ‘008 second, (V) 3333°3 ms} 
2. Show that the equation y=a sin (20m — x) represents a progressive 


wave of velocity C given by C=n. ; 


~ 4. Write down the equation of a wave travelling in the negative direction 
along x-axis and having an amplitude -10 m, a frequency 550 Hz anda speed 


330 m/s. 5 
; [ ass y=-01 sin (11001423 J| 
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4. Sixty-four tuning forks are arranged in order of increasing frequency and 
any two successive forks give four beats per second when sounded together. If 
the last fork gives the octave of the first, calculate the frequency of the latter. 

[Hint : When two frequencies ate such that one is double of the other, higher 
one is said to be ‘octave higher’ of the first and the lower one is said to be 
‘octave lower’ to the second.) (Ans. 252) 

5. Fifty-six tuning forks are arranged in order of increasing frequencies so 
that each fork gives 4 beats per second with the next one. The last fork gives the 
octave of the first. Find the frequency, of the first. i (Ans. 220) 

6. A fork of unknown frequency gives 4 beats per second when sounded with 
another of frequency 256. ° The fork is now loaded with a piece of wax and again 
4 beats per second are heard. Calculate the frequency of the unkown fork. 


(Ans. 260) 
7. Calculate the yelocity-of sound in a gas in which the two waves of 
wavelength 50 cm and 50:5 cm produce 6 beats per second. (Ans. 303 ms-}) 


8. The prongs of a tuning fork A originally in unison with a fork Bof 
frequency 312 are filed and the forks produce 5 beats per second when sounded’ 
together, What is the pitch of A after filing ? (Ans. 317 Hz) 

9. Two tuning forks ÆA and B when sounded together produce 2 beats per 
second, A has frequency 340, It is now loaded and again sounded with B. It is 
found that number of beats is 4 per second. Can you say decidedly what is the 
frequency of B from this observation ? 

; (Ans. no; the unknown frequency may be 342 or 338). 

1°, Two tuning forks when sounded together produce 4 beats per second. The 

frequency of one is 256. The other one when loaded aad sounded again with the. 
first produces 8 beats per second, Calculate the frequency of the other. 


(Ans. 252 or 260). 


11. A wave of frequency 500 Hz has a phase velocity of 350 m/s. (a) How far 
apart are two points 60° out of phase ? (b) What is the phase difference between. 
two displacements at a certain point at times 10-* s apart ? 

(Ans, (a) 116 m, (b) 7} 


(B) 


12. A sensitive microphone with its receiving surface turned towards a long, 
Vertical wall is placed at a distance of 2 m from the wall. A strong source of 
Sound of 500 Hz is placed on the line perpendicular to the wall and passing 
through the position of microphone. Find the positions of the source when no 
Sound will be heard in the microphone, (Velocity of sound in air=350 ms-1) 

(Ans. at distance ‘175 m, *525 m, *875 m, 1:225 m, 

1 575 m and 1°925 m from the wall.) 

i 13. A hollow cylinder of length 1 m is divided by a thin flexible diaphragm at 
distance One-third of the length of the cylinder. It is closed by other two: 
fiexible diaphragms at the ends. The two chambers into which it is divided, the- 
longer one contains hydrogen and the other oxygen. The two end diaphragms 
are set into vibrations of the same frequency. What are the frequencies of the: 
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end diaphragms for which the middle diaphragm will be motionless ? Velocity of 
sound in hydrogen=1100ms—* and that in oxygen=300 ms-*. x 
(Ans. 990 and its odd multiples) 
14. Sound waves from a tuning fork A reach a point P by two separate paths 
ABP and ACP. When ACP is greater than ABP by 11°5 cm, there is silence at P. 
When the difference is 23 cm the sound becomes loudest at P and when 34°S.em 
there is silence again and so on. Calculate the- minimum frequency of the fork 
if the velocity of sound istaken to be 331°2 m/s. (Ans. 1440 Hz) 
15. The following equations represent transverse waves ; z,=Acos(kx—@f), 
z= Acos(kx+ 0t), z,=Acos(ky—at). Identify the combination (s) of the waves 
which will produce (i) standing wave (s), (ii) a wave travelling in the direction 
making an angle of 45° with the positive x and Positive y axes. In each case 
find the positions at which resultant intensity is always zero. (I. I. T. 1987) © 
(2s 


[Ans. 1 and 2 combine to form stationary waves : x= — a. 1 and 3 com- 
"bine to form progressive wave making an angle of 45° with x and y axis. 
xayhis+l) f- 
ooo 


7 


s a 


CHAPTER 2 
VELOCITY OF SOUND 


1. Velocity of Sound : Newton first showed mathematically that 
velocity (C) of a wave through a medium is given by 


pai 
c= J5 


where E=bulk modulus in case of liquid and gas and Young’s 
modulus in case of solids; D=density of medium. 

Next he thought specially for sound travelling through a. gaseous. 
medium that change in pressure and volume of layers of the medium 
takes place at constant temperature. Under this condition E= P, 


normal pressure of the medium. .. C= J E; This is known: as 


Newton’s formula for velocity of sound through a gaseous medium. 


2. Laplace’s formula: According to Newton’s formula velocity 
of sound through air at N. T. P. should be only 280 ms— whereas. 
the actual value is 332 ms. Hence Newton’s formula is incorrect. 
The correct formula was given by Laplace. Laplace argued that 
change in pressure and volume is so rapid that it cannot be 
isothermal, rather it is adiabatic. In adiabatic change, E=yP where 
y is a constant depending on the atomicity of the molecules and is 
equal to the ratio of the specific heat capacity at constant pressure to 
the specific heat capacity at constant volume. For monoatomic gas 
y¥=1°66, y=1°41 for diatomic and y= 1'33 for triatomic molecules. 

uien/yP 

seh th 
This formula gives the correct value of the velocity of sound through 
air. 


3. Effect of temperatare and pressure on velocity of sound : Let C, 
be velocity of sound at pressure P, and temperature 4,°C and C, at 
Pressure P, and temperature 1,°C, 


C= YP re Eno GE Py D: 
à Ta rs VD,’ NVD P: 
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For a perfect gas we have PV=RT or J =a constant. 


Pu Sha : Ci _ Tı or Ci Loa 
DT, DTe C, T YT te 


Thus velocity of sound is independent of change of pressure but 
it dépends on change of temperature. 

Velocity of sound is proportional to square root of absolute 
temperature. g 

4. Effect of humidity on velocity of sound : The presence of water 
‘vapour lowers the density of air and hence the velocity of sound in 
moist air at a given temperature and pressure is greater than the 
velocity of sound in dry air at the same temperature and pressure. 


Cn / i and a= [5 


m Da 
where m stands for ‘moist air’ and ‘d’ for ‘dry air’. 

Cn _ | Pa 

Ca Da. 


Dm=mass of unit volume of moist air at pressure P and 
ó temperature t 


= mass of unit volume of water vapour at pressure f and 
temperature t-+-mass of unit volume of dry air at pressure 
(P—f ) and temperature t where f= vapour pressure 

=mass of f/P volume of water vapour at pressure P and 


temperature f-+-mass of i volume of dry air at pressure 


P and temperature t. 


It is a fact that at the same temperature and pressure, the density 
of water vapour (saturated) bears a constant ratio. with density of 
dry air and this constant ratio is $. 


Te ‘ek Pf, _P—'385f 
vs Dm P x g Pat pa x Da 


. Sem | paras 
= Cz NV P—385f 


y od 
or = | Gk Sates 
Ca Caf ry > 
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EXAMPLES 


Ex. 1. Show that velocity of sound increases by 61 ms“ per °C 
rise in temperature. Velocity of sound at 0°C is 332 ms—. 


Sol. We know that velocity is proportional to the square root 
of absolute temperature. $ 
one pi 
Co N To 


‘where T=absolute temperature corresponding to 0°C =273 +t and 
Ty = absolute temperature corresponding to 0°C =273: 


Cae 


1 
re t \2- 
337 773? or À c=332( 1ta 


273 


EE 
=332 PETE PA i 273 
or CEBI (1+ ja) ; C $5 ) 
neglecting other terms in the expansion 


or C=3324 3244 or C332 3-4# 


or Increase in velocity for 1°C rise in temperature = $821, 

Put F=1°C: j 

Then increase in velocity per °C rise in temperature 

= $23 ='61 ms. Ans. 

Ex. 2. If the velocity of sound in hydrogen at 0°C is 1284 ms-1, 
what will be the velocity of sound in a mixture of two parts by volume 
of hydrogen to one part of oxygen? (Oxygen is 16 times heavier 
than hydrogen.) 


Sol. Suppose volume of hydrogen=2V where V is any volume 
taken. Then volume of oxygen=1V. 
Then volume of mixture =3V, 
o 3VD=2V Dr +1V x 16Dy 
where D=density of mixture; Da =density of hydrogen. 
i D=6Dp. 


Now, c= 1E. and Cr= we 


D Da 
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Cy fix Bis / 7-28 
Coad ikea en 76 


or cs 12846 2 hiyana kaas 


or C=524'3 ms™. Ans. 

Ex. 3. One cubic metre of water is taken ina strong cylinder 
and the pressure on it is increased from one atmosphere (10° newton 
per square metre) to two atmospheres. It is found that. it has been 
compressed by only 50 ¢.c. Is this much sufficient for calculating. 
yelocity of sound in water 2 
change in volume _ 50x 10-§ m*® 
original volume 1 mê 

=50x 10-°, 


Sol. Volume strain= 


Stress =increase in pressure = 105 Nm~?. 


Yetress oir OP oie E 
E (Bulk modulus) = -train = 59x10 =2x 10° Nm’. 


D (Density of water) = 1000 kgm". 
SSU Noa 
We have, f E K, D 


210° 
1000 
=1:414x 103 =1414 ms“. Ans. 
Ex. 4. Calculate the velocity of sound in moist air at 27°C and 
“7m of pressure. The dew point is 15°C. The saturated vapour 
pressure at 15°C is 17 mm of mercury and velocity of sound at 0°C 
in dry air is 330 ms. 
Velocity of sound in dry air at 27°C... /.273+27 


Velocity of sound in water= 


Velocity’ conan A Ta 
Sol. Velocity of sound in dry air at 0°C ire PERR 
Velocity of sound in dry air at 27°C =330 yi A ms-}. 


We know, vapour pressure ‘f’ at present =saturated vapour 
pressure at dew point=17 mm of mercury ='017 m of Hg. 


We have, Cn= Ca J as sF 
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bh jo pame Ž EA tees a a A 
Bh i, Cu=330,/ ay "7 —"385 x O17 
5 ov a ae Tk 
ERER n= 3304) 558 4) S 
panoro Cm =348-7 ms. ` Ans: 


| Ex<5:-Calculate velocity of sound on a day when relative humidity 

is 80% and.temperature and pressure are respectively 25°C and 68 m 

of mercury. (Velocity of sound at SiT: P.=332 ms", Saturated 
Vapour pressure at 25° is ‘026 m of mercury.) 


~ Sol. Velocity in dry air-at 25°C 


i 2B+25 _ 298 
pa a ETM GIRE 


A We know, relative humidity 


__ Vapour pressure ‘f? at 25°C 
saturated vapour pressure at 25°C 


ee ..c0. T =-026x 8 — 0208 m of He. 
Eee 00 0% or f=026x 8 ="0208 m of Hg 


Now, Cn=Ce J poa 


hog t- 


Rage z$ ZOR keg "68 
Bi; Cm=332 S79 a] 68 — 385x0208 
, 298 EGB iy 8'9 ms-, Ans. 
or Cn = cf a 48°9 m 
EXERCISES 
(A) 


4. Find at what temperature the yeas of sound in air is ‘double the velocity 
of Sound in air at 0°C. 


(ain $ Use © g= =j. T) (Ans. 819°C) 
0 


: 2. If the lb of sound in air is 332 metre per second at N. T. P., find the 
_ Velocity at 30°C and +7 m of mercury pressure. (Ans. 349°8 ms") 
ON: E. P.-17 
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3. A man sets his watch by the noon-whistle of a factory at a distance of 1°5 
kilometre. How many seconds is-his watch slower than the clock of the factory ? 


(Velocity of sound in air is 332 ms~*) (Ans. 4°52 seconds) 
4. Calculate the velocity of sound in steel given Young’s modulus of steel 
=2108 Nm-* and density of steel=7800 kgm=*.-~ 5 (Ans. 5064 ms~*) 


5. The velocity of sound in hydrogen ‘gas is 1270 ms~? at 0°C and the 
frequency of a fork is 355 Hz. Find the distance travelled by sound in hydrogen 
at 0°C and 30°C in the time in which the fork completes 71 vibrations. 

(Ans. 254 m; 267:6 m) 

6. A ship steams towards a hill in the sea and sounds its siren and echo is 
heard after 6s. The siren is gounded again 3 minutes later after the first sounding 
and echo is heard after 4s, If the velocity of ship is 6°87 kmph, calculate the 
velocity of sound in air. (Ans. 343:5 ms-*) 

7. A man claps his hands in front of a wall and he hears the echo after 16s. 
He walks 33 m nearer the wall and hears the echo 1:4 s after clapping. Find the 
velocity of sound in air. (Ans. 330 ms-*) 


g. A man while beating a drum at the rate 5 per second walks towards a cliff 
till echo of beating disappears completely. He walks at the rate of 8 kilometres 
per hour. Calculate the distance of man from cliff in the beginning if he walked 
for 5 minutes. (Velocity of sound in air=350 ms—") (Ans. 702 m) 

9. A man standing in front of a mountain at a certain distance beats a drum 
at regular intervals. - He increases the beating rate and finds that the echo is not 
heard distinctly when the rate becomes 40 per minute. He then moves nearer to 
the mountain by 90 m and finds that the echo is again not heard when the 
beating rate is 60 per minute. Calculate the velocity of sound and the distance 
between the mountain and the initial position of the man. (Ans. 360 ms~’; 270 m) 


(B) 
40. Velocity of sound through an unknown gas at S.T.P. is 258:4 ms- and 
its density 1'977 kgm-*. What is the atomicity of the molecules of the gas ? 


(Ans. 3) 
11. Calculate the velocity of sound in air saturated with moisture at 25°C and 


745 mm of pressure. The saturation pressure at 25°C is 23:76 mm of mercury 
and the velocity of sound at 0°C in dry air is 332 m~’. 


[Hint : See Ex. 4.] (Ans. 348-9 ms-*) 


42. Show that velocity of sound in a gas of y=1°41 is *68 C where C is the 
root mean squar veleocity of its molecules. 


y P 1 k 
[Hint : c-b and Wace DC? where C is root mean square velocity ] 
13. If the velocity of sound in dry air at 0°C is 332 ms-?, find the temperature 


at which it will be 345 ms-, coefficient of volume expansion of air being 
+00368/°C. 


HES T 1 
[Hint : Use ot if T Now, To= a where a=coefficient of expansion.] 


(Ans. 21°79C) 
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14. Calculate the velocity of sound in air on a day when temperature is 30°C, 
pressure ‘74 m of mercury and relative humidity 60%. Velocity of sound at 
N. T. P.=330 ms-?, Saturated vapour pressure at 30°C="032 m of mercury. 


Vapour pressure at 30°C 


[Hint : Relative Humidity = aiad pbb Dh ETTO 


Toe ; 
camca | Par] c (Ans. 349:4 ms- 1) 


poo 


CHAPTER 3 
VIBRATION OF STRINGS 


1. Velocity of Transverse Wave along a Stretched string : When a 
string stretched with a force T is set into transverse vibration, velocity 
of disturbance (wave) along the string is given by 


c= fi 
m 


where m=mass per unit length of the string called linear density of 
the string. 

2. Fundamental, Overtones and Harmonics : The disturbance 
(wave) travelling along the string in either direction is reflected from 
the fixed ends and so there is superposition of two identical waves in 
the string. Asa result stationary waves are formed with definite 
nodes and antinodes. Since the two ends are fixed. they are essentially 
the seats of nodes. The different stationary waves that may possibly 

; form are shown in the Fig. 3-1. 
Nie A-N These are called modes of vibration 
of string: The simplest mode of 

vibration is called its Fundamental 

EA A O N and the other modes are called its 

; Overtones. When the frequencies of 
overtones are exact multiples of 
fundamental, they -are specially 
called Harmonics. In the funda- 


NASA CRDA mental mode, 


Fig. 3-1. 1=1]2, or 1=21 


or ay a 


In the next mode, there are two segments (loops) and J=. ` 


SCT EA ST 
m= tal weal Bn 
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In the third mode, there are three loops and /=3a/2. 


2 Ei ug fps 
= <a 3n, 
In general, naz Nes — where s=number of eng 


3. Melde’s experiment : In this experiment long string is tied 
to one-prong of a tuning fork while the string stretched horizontally 
passes over a pulley and carries a pan at the other end... When, the 
tuning fork is set to vibration, the string is _thrown into forced vib- 
ration. On changing the length of the string its frequency changes 
and at one particular length it is thrown into resonant vibration 
when very big loops are formed,- 

There are two arrangements of the tains fork: (a) Transverse 
arrangement—In this arrangement the tuning fork vibrates trans- 
versely (at right angles) to the string. In this arrangement resonance 
occurs when n= N—condition for resonance in transverse. arrange- 
ment, n= frequency of string and:WV =frequency of tuning fork, $ 

(b) Longitudinal arrangement—In this arrangement the tuning 
fork is` arranged to vibraté along the length of the string. “In: this 
arrangement resonance occurs when N=2n—condition: for reso- 
nance in longitudinal arrangement. © ' 


EXAMPLES 


Ex. 1. A string whose 200 cm length weighs 2 gm is stretched by 
a weight of 20 gm. Calculate the velocity with which a transverse wave 
will travel along the string. 


Sol. We have = JE 
m 


Here T=20x10-? x9°8 newton 


D PAS AE F Pia 1410- kgm 
moi a 


Cf BORN je ms.” Ans. 
aR dp SUT, 
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Ex. 2. A note from a tuning fork is in unison with the note of 25 
cm length of a stretched wire. If the length is changed to 25'5 cm 
tension remaining unchanged, 3 beats per second are heard. Find the 
- frequency of the fork. z 


Sol. Let N be the frequency of fork and n and n’ be the fre- 
quencies of wire corresponding to the two lengths given. 


1 T AE 1 T, 
Then. A AAS d and = o55x ven ead 
Now n=N (because the tuning fork was in unison with string in 
the beginning). 
N—n'=3 (because now tuning fork gives three beats with the 
string). 
1 Ti 
N= 
225 x 10-2 Ja 


; 1 F 
d Wins 9 ee Pe 
a 3 2%25°5 & waz 


N 25°S ; : 
H SE ia BS =25:5N — 76:5; =1535 Ans. 
N3 75” or 25N =25:5N— 76:5; N=1 


Ex. 3. A tuning fork gives 15 beats per second when sounded with 
a sonometer wire of length 20 cm and 20 beats per second with that 
of length of 25 cm. Calculate the frequency of the fork. 

(Tension and mass per unit length are 1:25 kg and ‘025 x 107 kg 
respectively and g=9°8 ms~*.) 


See Wn haven we ete ee ee 
aven n= aN IO Af “IS IO 


Since string gives 15 beats with tuning fork, 

N (frequency of fork) =175-+15=190 or 160. 
When length is changed to 25 cm, 
ane TIIS 

2x25 x 102M 025x 10-8 

Now the same tuning fork produces 20 beats with the string. 

Obviously this is possible when N=160. Ans. 

Ex. 4. A certain fork is found to give two beats per second when 
ried with a stretched string vibrating transversely under a tension 
either 10:2 or 9-9 kg. Calculate the frequency of the fork. 


n = 140, 
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Sol. Let n= frequency ofəstring when tensioniis:10:2 kg, 


n= ” ” 2 37 ” is 9°9 kg. 
~1 /T02xX¢ A ELA SA A 

n nf Soe and n = if aie 

t= 02 Somn >h 

zi 79° Sr $ 


The tuning fork gives 2 beats with both 7 and n’. 
oS n—N=2, or n=N+2 
and N—n'=2. or n'=N-2., 


ni N+2 
Ao Nee 
N42 [107 _ 
Hot oe Boe 
or N-2=1015N—2°030 
q 4-03 = 4030 
. -N =-= — = 68:7. 3 
es whee 1 see Aa eg 


Ex. 5. Ina transverse arrangement ofa Melde’s experiment with 
the string vibrates. in 3 loops when the tension is 200 gm. Calculate 
the tension required to make the string vibrate in two loops in the 
longitudinal arrangement. 


Sol. In transverse arrangement we have 


Ue 9/200 10-8 
N=n=7 in 


In longitudinal arrangement we have 


gd aan 
n= 2n=2.2 |Z 


3 Ox xz _ 4 T 
2l m 21N m 


t j -3 
or 9x 200x 10-38 =16T, or psx g newton 


or T= HMO 10-8 kg = 112510" ke. Aus. 
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Ex. 6. A’sonometer wire is stretched by a solid mass M? It 
produces a fundamental note of certain frequency in tune with a tuning 
fork when its length is 70 cm. When the mass is immersed in water 
it is found that the-length has to be changed-by 5 cm in order to bring 


it again in tune with the same tuning fork. Calculate relative density 
of the material of hanging mass. 


Sol. We have, nat [5 


constant; or oT, 


loca/T when.n and m remain 


Mg (weight of mass in air) = kl? 
M'g (weight of mass in water)=kl'2. 


Relative density = weight in air “___Mg p 


loss in wt. in water, Mg=M'g PI? 
Relative density of mass=— 708 =721 
702 — 652 


Density of mass =7'27-x 1000=7270 kg m- Ans. 
(Density of water = 1000 kg m7). 


Ans. 


Ex. 7.\In Melde’s experiment, “a string: passing over ù smooth 
pulley carries a stone at one end, while its other end is attached to a 
vibrating tuning, fork and the string shows $ loops. When the stone 
is immersed in water 10- loops are formed... Calculate the specific 
gravity of the stone. 


Sol. Let us suppose that Melde's Peaetitent is in transverse 
arrangement. 


N=n'= 10 M's Me 
M'=mass of the same stone in water. 
“8 oHe =10 
21 m 21 


i ' M'. _16 
b tOr 16M = pga 8-3 a 
25M’; or 


5 
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qyised t mijo E bas h Phi agg 
> Sp. = ———_ F -o Ea > Ee = 
Now, Sp Bt MW a vi 5 
M 25 
or Sp. gr. =2°78. rọ pow gà Ans. 
EXERCISES 
(A) 


1, Calculate the frequency of a note emitted by a wire 20 cm in length when 
stretched by a weight 8 kg, if 2 m of the wire is found to weigh 4gm. Also 
calculate the velocity of tran sverse waves'along the string.” (Ans. 495, 198 m/s) 


2. A stretched sonometer wire gives 2 beats per second with a, tuning fork 
when its length is 14°3 cm and also when its length is 14°5 cm., What is the 
frequency of the tuning fork ? (Ans. 288) 

3. Two, wires. of a. sonometer. are. in unison,,, When, one of the wires is 
increased by 19/, three beats are heard in 2 seconds. Calculate the. original 
frequency of each wire. (Ans. 151:5 Hz) 


4. The Jength of the stretched wire of a sonometer.-is 110 cm, How would 
you place two bridges in order to divide into three segments whose fundamental 
frequencies will be in the ratio 1; 2: 3? seitaTts Í ? 

(Ans, 1,=60 cm; /,=30 cm and /,=20 cm) 


5. A wire 50 cm long vibrates 100 times per second, If the length is shortened 
to 30. cm and the stretching force is quadrupled, what will be the frequency ? 
ABER (Ans. 33333). 


6. A stone hangs in air from a wire which is stretched “over a sonometer. 
The bridges of the sonometer are 40 cm apart when the wire is in unison with a 
| tuning fork. When the stone is:immersed in water the length is changed to 32 cm 


to're-establish unison with the wire. Calculate the specific gravity of the stone. 
3 (Ans, 2°77) 


f t 7. Two tuning forks when sounded together give 4 beats per second. One is 
in unison with a length of 96 cm of a sonometer, wire under a certain tension 
and the other with 97 cm. of the same wire under the same tension, Find the 
frequencies of the forks. (Ans. 388 and 384) 


8. The frequency of a note emitted by silver wire of length 25 cm is 256 
When the tension is 10 kg. Calculate the radius of the wire. (Density of silver 
=105X 10 kgm-?) ; (Ans, 4:26 10-* m) 

9. When the stretching force of a wire is increased by 2'5 kg, -the frequency 
ofthe note emitted is changed in the ratio 2/3, Calculate the original stretching 
force. : (Ans. 2 kg) 

10..A fork anda monochord string of length 100.cm give 4 beats per, second. 
The String is made shorter without any change of tension until ir is in unison 
With the fork, If its length is now 99 cm, what is the frequency of the fork ? 

(Ans. 400) 
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11. Two tuning forks A and B produce 5 beats per second when sounded 
together. Aisin unison with 40 cm of a sonometer wire under a constant 
tension and B is in unison with the same wire of length 40°5 cm under the same 
tension. Calculate the frequencies of the forks, (Ans. 405 Hz, 400 Hz) 


12. A string vibrates with frequency 320 Hz. It is divided into three parts by 
using two bridges in the ratio 1 :2:3. Calculate the frequency of each part. 
(Ans. 1920, 960 and 640 Hz) 


13. In Melde’s experiment the string vibrates in 4 loops when a 50 cm weight 
is placed on the pan of weight 15 gm. How much weight must be added or 
removed to make the string vibrate in 6 loops ? (Ans. 36 gm to be removed) 


14. In Melde’s experiment the string is stretched by an iron weight and the 
string vibrates in 5 segments. When an electromagnet is switched on under iron 
weight, the string vibrates in 4 segments. Compare the pull of the magnet with 
that of the earth. (Ans. 9 : 16) 


15. In transverse arrangement the string vibrates in three loops when the 
tension is 200 gm. Calculate the tension required to make the string vibrate in 2 
loops in the longitudinal arrangement. (Ans. °45 kg) 


16. Ordinary cotton thread 200 cm of which weighs 1 gm is used in Melde’s 
experiment. It is attached at one end to a vibrator of frequency 100 Hz and at 
the other to a pan weighing 6 gm. What length of the string will vibrate in 4 
loops in the longitudinal arrangement if 10 gm weight is put on the pan? 

: (Ans, *708.m) 


17. In Melde’s experiment a string is found to vibrate in 8 loops and the total 
weight by which it is stretched is 20 gm. What length of it ‘will vibrate in the 
same arrangement in 6 loops when weight is reduced to 15 gm ? 

(Ans. to reduce the length of the string by 57:8% of its previous length) 


18. A vibrator makes 150 cm of a string vibrate in 6 loops in the longitudinal 
arrangement when it is stretched by 15 gm. The entire length of the string 15 
then weighed and is found to weigh 500 mgm. What is the frequency of the 
vibrator ? What is the distance between two nodes? (Ans. 84 Hz; 25 10-* m) 


19. A string'in Melde’s experiment in transverse arrangement vibrates in 4 
loops when it is stretched by a load of 100 gm. What additional load will be 
needed to make the same string vibrate in 1 loop in longitudinal arrangement ? 

(Ans. to increase load by 300 10= kg or 300 gm) 


B) 


20. A bridge is placed under the string of a monochord at a point near the 
middle and it is found that the two parts produce 3 beats per second when the 
stretching force is 8 kg. If the load be then increased to 12 kg, determine the 
tate of beating of the two parts of the string. 7 (Ans. 3°67) 


21. A wire of density 9000 kg m=" is stretched between two clamps 1 m apart 
when it suffers an increase in length by -05 cm. Calculate the frequency of the 
fundamental transverse vibration of the string. (Y of the material of wire 
=9 X10" N/m?) ; 
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[Hint : Calculate tension of the wire from formula, Young’s modulus. 
stress 
“iar | (Ans. 35:4 Hz) 


22. With what force a wire of radius 1 mm must be stretched so that velocity 
of transverse wave along it may be same as that of longitudinal wave? Give 
answer in kg wt. (Young’s modulus of material of wire=2x 1012 Nm-*.) Isit 
physically possible ? 


a ip 
Hint: Ciongitudina = D`: Ciransverse= M 
L 


(Ans. 6°4 10‘ kg; impossibley 
23. Show that if Nis gy Mg, Mgyiverse ees are the fundamental frequencies of the 


Segments into which a string is divided by placing a number of bridges below it, 
the frequency of the String is given by i 


PATO 
ie a a agit Sikes 


24. A metal wire of diameter 1 mm is held on two knife edges separated by a 
distance of 50cm. The tension in the wire is 100 N. The wire, vibrating with 
its fundamental frequency, and a vibrating tuning fork together produce 5 beats. 
Per second. The tension in the wire is then reduced to 81N. When the two are 
excited beats are heard again at the same rate. Calculate (i) the frequency of the 
fork; (ii) the density of the material of the wire. (Ans. 95 Hz; 12730°8 kgm-*) 

25. An aluminium wire of length -6 mand of cross-sectional area 10-* m? is 
Connected to a steel wire of same cross-sectional atea and length ‘866 m. The 
compound wire is loaded with 10 kg. Find the lowest frequency of excitation 
for which the joint in the wire is a node. Also find the number of nodes, 
excluding the two at the ends of the wire. The density of aluminium is 2600- 
kgm—, and that of steel is 7800. kgm7?. (Ans, 323 Hz; 6) 

26. Two wires of radii r and 2r respectively are welded together end to end, 
This combination is used as a sonometer wire and is kept under tension T. The 
welded point is midway between the two bridges. What would be the ratio of 
the number of the loops formed in the wires such that the joint is a node when 
Stationary vibrations are set up in the wires ? (I. 1. T. 1976) © 

(Ans. 1 ; 2) 
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CHAPTER 4 


VIBRATION OF AIR COLUMNS 
(Organ Pipes and Kundt’s Tube) 


1. Vibration of Air Column : When a vibrating fork is held over 
the mouth of a tube, the air inside of it is thrown into ‘forced vibra- 
tion’. On changing the length of the air column in it by a movable 
piston or by immersing the tube in water and lowering and raising 
the tube, the natural frequency of the air Column changes and at one 
particular length it is thrown into resonant vibration.when suddenly 
very loud sound is heard. Due.to reflection of the wave sent down 
the tube by the fork, stationary waves are also formed in the tube 
with definite nodes and antinodes. The fixed end is essentially a seat 
of a ‘node’ and the open end is that of an antinede. Therefore, in 
the fundamental ‘mode of: vibration we ‘have only a node at the 
bottom and an antinode ‘at the'top: Therefore / (length of the tube) 
=4/4. This, however, requires a correction because antinode is not 

Age's formed exactly at the mouth of the tube 
andit is a little above the mouth. ‘By how 
much it is above that ‘of course depends 
on the diameter of the tube. This distance 
by which antinode is away from the open 
end is called end-correction. Let this be e. 

Then, 

1+e=2/4. 

The first resonance Occurs at this 
length. The second resonance occurs 
when the air columnis in the next mode 
of vibration, 

Now, I’ +e=3a/4. 

UV —1=4/2; or a= 2(' —1). 
CENA. 
C=2n(l —)). 


According to Laplace the end-correction is; e='6r where r is 
the radius of the tube. 
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2. Organ pipes : Organ pipes are musical instruments in the form 
of pipe of wood or metal and hence called Organ pipes: -In -these 
instruments musical notes are emitted by vibration of air in the pipe. 

(i) Closed Organ pipe : When one end is open and» the other is 
closed, it is called closed organ pipe. 

In the fundamental mode 
of vibration of a closed organ i 


x A j“ A A 

pipe, 

l=1/4 when end-correction x< 
is not taken into account; 

or a=4l: 

We have, nà =C; 

z C 
; m= 


J ar 
When end - correction is \ / y N A 
j N N 


; C N 
Considered, n= — >, 
"te Fig: 4-2. 
In the next mode of vibration, 
3X 4! Ciise 
T=; S e iy emai AE O SRA 
7 LEOLA Bonini et Trees Ma=3n 
In the third mode of vibration, Bhi or drags 
Me= oO we Ng = Sn. 
Thus, My ns: Hee a, eee Seo pen 


(it) Opem Organ pipe : A pipe which is open at both ends is called 
open organ pipe. Both the ends 
are seats of antinodes. 


A A A 
In the fundamental mode’ of 
vibration, j 
I= or A=21 
(neglecting end-correction); j 
eg 
Bh aes 
When end-correction is con- N 
A A Eth” | 


sidered, m= C 


-= AF2 Fig. 4-3. 
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In the next mode of vibration, eas ors l; 


C 
m= 7? Of m= = 2n; 
Jn the third mode of vibration, ee or wees 
3 
n= a =3ny. 
hus, | ry IRE Ahi ny SEH: PACER BONN apes 


Hence in open organ pipes all harmonics are present. 

3. Kundt’s Tube experiment : The experimental set up consists of 
a glass tube containing the experimental gas or liquid and closed at 
both ends by two discs. One disc is attached to a rod (called sound- 
ing rod) clamped rigidly at its centre and the other disc can be slided 
inside the tube. The rod is set to longitudinal vibrations by rubbing 
it with a resined cloth along its length. The air in the tube is thrown 
into forced vibration by the vibrating rod. Also stationary waves are 
formed in the tube with definite nodes and antinodes. 

On sliding the movable disc, the frequency of air or gas or liquid, 
whatever it is, changes and at one particular length it is thrown into 
yesonant vibration when the lycopodium powder already sprinkled 
into the tube collects in heaps at the nodes,» Thus the positions of 
nodes are marked clearly by lycopodium powder. The distance bet- 
ween nodes is noted. 

Let /=distance between nodes in air, 

[PaaS See Fe » in experimental gas. 


C (air) _ Mair) 


Now, C (gas) Meas)’ sincein is the same for both the media 
Cei 21 AER a 1) 
Cea) WT (o: FF h or 4=2 


Fig. 4-4. | 
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cs ot 
or -C (gas)=C (air). T 


If L=length of the rod then Le AG) 
or A (solid)=2L. 


C (solid)=C (air) x4, 


EXAMPLES 
Ex. 1. The lengths of open and closed organ pipes are respectively 
160 cm and 75 cm. When both are sounded together 70 beats are 
counted in 10 seconds. Find the velocity of sound in air. 


Sol. We have, nao for open organ pipe and nae for closed 


Al 
organ pipe. 
ER, HE cee 
“arro Tey Ot aoga a 
Obviously n>m; Ba m n= 
CuO 1X3 X3°2 wc 
ON SL ae ome Sa 8396 mss: Ans. 
3T Ty torie 2 


Ex. 2. The third overtone of a closed pipe is found to be in 
unison with the Jirst overtone of an open pipe. Find the ratio of the- 
lengths of the pipes. 

Sol. Let /,=length of closed pipe and /,=Jength of open pipe. 

Let n, and n, be the frequency of the fundamental of closed and 
Open pipe respectively. In closed pipe odd harmonics are present, 
Hence harmonics in closed pipe are n, 3m, 5m, 7n... .; the first one 
1$ called fundamental; the second, first overtone; the third one is 
called second overtone and so on. 

Frequency of third overtone of closed pipe=7n,. 

In open pipe all the harmonics are present. 

Hence harmonics in open pipe are ns, 2na, 3na, 4na... 
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Frequency of first overtone of pipe= 27a. 
According to question, Tais 2n: 


BERS iC 
But be amie” and n= 7 el 
Cc C PEZ 
Ie a re “See Ans, 
1 2ls a A: 


Ex. 3. The shortest length of a resonance tube which resonates 
with a tuning fork of frequency 256 Hz is 32 om.) The corresponding 
length for a fork of frequency 384 Hz is 20'8 cm. Calculate the end- 
correction and velocity of sound in air. 


Sol. We have in a closed pipe, pits sk where e is the end- 


4(l +e) 
correction. i 
c C 
256 Sy ee i OOS 
TOETSE and 4(20°8+-e) x 10= 
Dividing, we have 

256  20:8-+e ee 

984 FES Hence e=1°6 cm. 

C=256 x4 x (32+1°6) x 10-8 = 344 ms-1. Ans. 


Ex. 4. In a Kundt's tube experiment it was found that the distance 
between nodes was 6'6 cm when the sounding rod used was of total 
length 80 cm. Calculate the velocity of Sound in the rod if velocity 
of sound in air is 330 ms-}. 


C (solid) _ 
Sol. We have, Tain ta) why 
C (sol) a sa —, ¥330; ór C (solid) 4000 ms, Ams. 
EXERCISES 


(A) 


1. A closed pipe 28 cm long is filled with a gas and is in resonance with 
a tuning fork. Ifa42cm long open Pipe filled with air, is in unison with 
the same fork, find the velocity of sound in the gas. (Velocity of sound in 
air at that temperature—350 ms?) è (Ans. 466:7 ms-*) 
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2. A tuning fork is held a little above the open end of a resonance tube, 
Resonance is heard when the Jength of air columns are respectively 24 cm and 
741cm.. Calculate end-correction and diameter of the tube. 

(Ans. 1°05 x 10-* m or 1°05 cm, Diameter=3°5 x 10-* m) 

3. Two open pipes are sounded together, each Produces notes consisting 
of the fundamental and also two upper harmonics, Fundamental note of one is 
256 and that of the other is 170. Would there be any beats produced, if so, how 
many? (Ans, 2 beats per second) 

4. Two open organ pipes 100 and 101 cm long give 17 beats in 10 seconds 
when each is sounding its fundamental. Calculate the frequencies of the. 
fundamental and the velocity of sound in air. 

(Ans. 171-7 Hz; 170 Hz; 343-4 ms-t)' 

5. The frequency of an organ pipe at 40°C is 256. What will be its: 
frequency at 20°C ? (Ans. 247:3y 

6. Two organ pipes give 5 beats per second when sounded together in air at 
a temperature 20°C, How many beats would be produced by them at 40°C 2? 
{Velocity of sound at 0°C=332 ms-) (Ans. 5:168) 


7. Two tuning forks A and B give 18 beats in 2 seconds., A resonates with 
a closed column of air 15 cm long and 3 with an open column 30:5 cm long. 
Calculate their frequencies. (Ans, 549 Hz and 540 Hz) 
8. Calculate the least mass of air that will resonate with a tuning fork cf 
frequency 340 Hz in a closed tube of diameter 4 cm at 30°C. (Velocity of 
Sound in air at 30°C=350 ms-? and density of air at 30°C=1-3 kg per cubic 
metre.) Neglect end-correction. (Ans. 42x 10-1 kg or '42 gm) 
9. A tuning fork of frequency 440 Hz is to be mounted on a wooden box 
with one end open to reinforce its sound. What would be the length of the 
Sounding box ? (Velocity of sound in air=332 ms~1.) 
(Ans. 18:9x 10-7? m or 18:9 cm) 
: 10 The first overtone of an open pipe and the fundamental tone ofa closed 
Pipe give 5 beats per second when sounded together. If the length of the closed 
Pipe is 25 cm, what are the possible lengths of the open pipe ? (Velocity of . 
Sound in air is 340 ms~?) (Ans. 98°5 x 10-? m-or 101-5 10-* m) 
11. An open organ pipe is emitting a note of 200 Hz. What will be the effect 
on the frequency of the note emitted when one of its ends is suddenly closed 2 
(Ans. When suddenly closed, the open pipe becomes a closed pipe; frequen- 
cies emitted are now 100, 300, 500)......... ) 
12. Two organ pipes, open at both ends, are sounded together and six beats 
Per second are produced. The length of the shorter Pipe is 60 cm. Find the 
length of the other, (Velocity of sound in air=330 ms-}) 
(Ans. 61:34 cm or -6134 m) 
13. Calculate the length of a narrow tube closed at one end, which will 
Tesonate with a tuning fork of frequency 510 Hz if the velocity of sound is 
0 ms~1, i; (Ans. *167 m) 
Sts A fork of frequency 512 Hz is found to produce resonance in the air 
umn, first when the length of the air column is 16:5 cm and again when it is 
N. E, PHY,-18 
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50:5 cm. Find the velocity cf sound, wavelength of wave emitted by the fork 
and end-correction. Also calculate radius of the tube. 
(Ans. 348-16 ms-!; <68 m; ‘5x 10-2 m; °83 x 10-® m) 
15. A pipe of length 1:5 m closed at one end is filled with a gas and it 
resonates at 30°C in its fundamental with a tuning fork. Another pipe of the 
same length but open at both ends is filled with air and it resonates in its funda- 
mental with the same tuning fork. Calculate the velocity of sound at 0°C in the 
gas, given that the velocity of sound in air is 360 ms~? at 30°C, 
i * (Ans: 683°4 ms~}) 
16. A tuning fork having a frequency of 340 Hz is vibrated just above a 
cylindrical tube 1:20 m long. Water is slowly poured in it. At what lengths of 
the air column resonance will take place ? (Velocity cf sound in air at room 
_ temperature=340 ms~1) (Ans. :25 m and -75 m) 
17. In a Kundt’s tube experiment a brass rod 120 cm long was used which 
had a fundamental frequency of 1400 Hz. The gas in the tube was CO, at 20°C 
and the distance between nodal heaps of powder was found to be 9 cm. Calculate 
the velocity of sound in brass and in CO, at 0°C. $ 
[Ans. C (CO,)=243-3 ms~ at 0°C; C (Brass) =3243-3 ms- at 0°C} 
18. In a Kundt’s dust tube experiment a brass rod was found to resonate 
with 10 cm of a sonometer wire stretched by 6 kg. One hundred centimetre of 
the wire was found to weigh 653 mgm. This rod produced nodal heaps at 12 
em apart in air. Calculate velocity of sound in air. (Ans. 360 ms~*) 
19. The sounding rod of a dust tube apparatus is made of brass and is 
160 cm long. The distance between adjacent nodes in the wave tube was 
11:35 cm. Calculate Young’s modulus of rod assuming that velocity of sound 
in air at room temperature is 350 ms-! and density of brass 9000 kgm. 
(Ans, 2:2x 102! Nm) 


@) 


20. A tuning fork of frequency 270 resonates with air column of length 
31:2.cm. When the tube is raised it again resonates when the length is 96:3 cm. 
Calculate velocity of sound in moist air in the tube, Reduce’ this velocity to 
S.T.P. if the pressure and temperature at the time of the experiment are ‘7 m 
of Hg and 30°C respectively, Saturated vapour pressure at 30°C=32 mm of 
mercury. t 


[ int azza 1) and Cize |(P=357) gots ene | 
0 0 


i (Ans. Cm=351°6 ms=; Cj at S:T:P.=330:6 ms~1) 
21. Find the number of possible natural frequencies of an ‘air column in a 
pipe whose frequencies lie below 1250 Hz. The length of the pipe is 85 cm. 
The speed of sound is 340 ms-1, Consider the two cases : 
(a) the Pipe is closed at one end, (b) the pipe is opened at both ends. 
(Ans. 6, 6) 
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CHAPTER 5 
INTENSITY AND PITCH OF MUSICAL NOTES 


1, Intensity : The rate at which flow of energy through unit area 
of a plane perpendicular to the direction of wave propagation takes 
place is called Intensity of wave. 


Intensity of wave = }pa®w*C watts per square metre (Wm-) where 
p=density of medium, a=amplitude of wave and 5p = frequency of 


wave. One arbitrary unit of intensity is Bel! If 7 is the absolute 
intensity in watt per square metre then it is said that thé absolute 
intensity level of the note is logy) 10007 bel. One-tenth of a bel is 
called a decibel (db). 


A standard level is the intensity level of a wave of frequency 
1009 Hz having root mean square pressure 2 x 1075 Nm=2 correspond- 
ing to the absolute intensity of 10- watt per square metre (Wm-~?) 
in air. Thus the intensity level of a sound wave of absolute intensity 
d (Wm) relative to the standard level=log 10007 —log 1000 x 10-12 

=12+logl. 

The intensity falls off as the square of the distance if there is no 


absorption of energy by the medium. That is, 1% where P is the 


energy emitted by the source in every second through unit solid 
angle. This is called inyerse square law in sound. If there is absorp- 
tion by the medium, then J =e +7, where p is a constant called the 
absorption coefficient of the medium. The distance within which the 
intensity is reduced to half of the initial value is called ‘half- 
thickness’ of the medium for sound. 

2. Pitch: The degree of shrillness of a note is called its pitch. 
It is measured by frequency of wave as perceived by observer. 

3. Siren or Toothed wheel: These are instruments to measure 
Pitch of a note. The pitch of a note emitted by a siren or toothed 
wheel is nxn’ where m=number of holes or teeth and n=number’ 
of revolutions per second. 

4. Interval : The ratio of the frequencies of two notes is called 
interval between them, All intervals are not pleasant to the ear. 
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Only the simple ones are pleasant and they are used in musical scale. 
Certain common consonant, intervals with their names are given 
below : 


1:1 Unison 3:2.Fifth © 5:4 Majorthird 5:3 Major sixth 
1:2 Octave 4:3 Fourth 6:5 Minor third 8: 5 Minor sixth 


' EXAMPLES 


Ex, 1. The disc of a siren revolves 600 times in one minute and 
it is in unison with a tuning fork of frequency 480 Hz. Calculate the 
number of holes in the disc. 

Sol, Frequency of note emitted by siren=mn=m x $8? = 10 m. 
Since siren is in unison with tuning fork, 

10m=480, or m=48, Ans. 

Ex. 2. A tuning fork of frequency 512 Hz causes air particles to 
vibrate with amplitude 2x10-*m: What energy current density 
does it produce in air? Velocity of sound in air=340 m/s. Density 
of air= 1'3 kgm-*. 

Sol. Intensity of wave is the energy current density, 

T= }pata*®C = į X 1-3 x (2 x 10-*)2, (2m, 512)2.340 
=13 x2 4n® x 34x 512? x 10-1 
=9°15 x 10-* watt per square metre. Ans, 


Ex. 3. Calculate the intensity of the wave y=-002 sin 
(4000¢—10x). Density of medium =1-29 kgm", 


Sol. We have, I= jpato*C= jpatatn= 1 pao? lea i 200) 


Here, a='002 m, o=4000 and 710 or p22" 


EA 1:29(-002)?(4000)* 7h = 165:1 x 108 watt mê, Ans- 
Absolute intensity level= log 1000 x 165-1 x102=7:22 bels 

and intensity level relative to the standard 
=12+log 165-1 x 10°= 1244-22 — 16-22 bels. Ans. 


$ Ex. 4. A smoked plate falls vertically under gravity and a 
aening Jork traces wave on it. Iwas found from the trace that there 
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were 10 waves in the beginning and these 10 waves aré Spaced over 
42cm. Calculate the frequency of tuning fork. 


Sol. Obviously time of fall of plate through 4'2 cm is equal to 
time in which the fork makes 10 oscillations, We have, 
S=ut+jgt?=jgt? (~ y= 0) 


tds ope = Steet oe 
g 8 


9 > 
frequency = 10. 10, fiat 02 =108 Hz. Ans. 
EXERCISES 
(A) 


1. A siren with 20 holes in its disc gives 5 beats per second with a - 
closed pipe sounding its fundamental note when the disc makes 2400 revolutions 
Per minute. What is the effective length of the pipe ? (velocity of sound in 
air=360 ms~}) (Ans. 11:18 x 10-* m or 11:32 10-* m) 

2. A siren having a ring of 200 holes is making 132 revolutions per 
Minute and found to emit a note which is an octave higher than that of a 
tuning fork. Find the frequency of the latter. (Ans, 220) 

3. A note of frequency 300 Hz has an intensity 1 microwatt per square 
metre. What is the amplitude of the air vibration caused by this sound? 
(Density of air=1-293 kgm- and velocity of sound in air=332 ms—.) 

(Ans. 3°62 x 107° m) 

4. The disc of a siren has 100 holes and rotates at the rate of 1000 
fevolutions per minute. Find the frequency and wavelength of the note emitted 
by the siren. (Velocity of sound in air=350 m/s.) (Ans. 1666:67 Hz; ‘21 m) 


5. A smoked plate falls vertically under gravity. ranns raene 
Waveon it, It is found that the lengths of two consecutive rd he ae 
ate 5:143 and 6-64 tively. What is the frequency of the for 

64 cm respectively. Wha (Ans. 256) 

6. A pointer attached to a vibrating fork presses lightly a smoked cylinder. 

The cylinder is sudd enly rotated through one complete revolution in *75 second. 
© pointer traces 192 waves on the cylinder. Calculate the frequency of the 
tuning fork, rae ie 

7. The minimum intensity of audibility of a source is 10-1* watt/m?. Ifa 
frequency of the note is 1000 Hy, calculate the amplitude of vibration of air 
Particles, Density of air=1-293 kgm— and velocity of sound=340 ms-1, 


ps I Ši -11 
im: a- Jame] (Ans, 1:07x 10-12 m) 


8. Calculate the intensity of a note of frequency 1000 Hz ìf the amplitude 
Of, vibration is 10-9 cm. Density of air=1-3 kgm— and velocity of sound 
=340 ms-1, (Ans. -87x 10-1: watt/m*) 
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9. Calculate the amplitude of vibration of air, particles when a wave of 
intensity 10-3 watt/m? is produced by a tuning fork of frequency 540 Hz. 
Velocity of sound in air=340 ms-! and Density of air=1-3 kgm-*. 

(Ans. 6°27 10-7 m} 


(B) 


10. S, and S, are two loud speakers having same frequency of 165 Hz and 
acoustic output 1:2 10-3 and 1-8 10-? watt respectively. They vibrate in the 
same phase. P isa point ata distance 4 m from S, and 3 m from S,. 

(a) How are the phases of the two waves arriving at P related ? 

(b) What is the intensity at P if S, is turned off (S, on) ? 

(c) What is the intensity of sound at P if S, is turned off ? 

(d) What is the intensity at P with S, and S, on ? 

| Hint : For phase relationship see Ex. 6 of chapter I. 

Intensity is inversely proportional to square of the distance.] 
[Ans. (a) m, (b) *2x 10-9 watt, (c) ‘075x 10-* watt, 
(d) *125x 10-* watt} 

11. The intensity of a sound wave 20 m away from the sound source is- 
3nW/m?, Find the intensity of the wave 32 m away from the source, if the half- 
thickness for sound of this frequen. y is 120 m. (Ans. 1-1 2W/m*) 

12. Calculate the interval between two sound waves of frequencies 1000 Hz 
and 400 Hz. Express the interval on logarithmic scale and in centioctaves. 

[Hint : absolute interyal=n,/n,; interval on log scale=log n,/n,, interval 


in centioctaves= OE tae 3 100.] (Ans, 25, 03979, 1322) 


000 


CHAPTER 6 
DOPPLER’S EFFECT 


1. Doppler’s effect : Whenever there isa relative motion 
between an observer and the source, the pitch of the note emitted by 
the source appears to be changed to the observer. - The phenomenon 
of apparent change in pitch of a note emitted by a source due to rela- 
tive motion between observer and source is called Doppler’s effect. 

If V=velocity of wave, V;=velocity of the source and V.=velo- 
city of the observer then apparent pitch (n’) is given by 

, V- Vo 
n -x \xn hertz (Hz) 
where n=actual frequency of the source. In this formula all are 
Supposed to move in the same direction. 


Note : In tackling problems with this general formula, take the 
direction from source to observer as positive direction. If V, and 
Vs are also in this direction, take them as positive and if opposite 
take them as negative. 


2. Mach Number : The ratio of the speed of the source to the 
Speed of the sound wave is called the ‘Mach number’. The speed of 
Supersonic jet planes is expressed in terms of Mach number. 


EXAMPLES 


Ex. 1. A person standing on one side of a road blows a whistle 
Which has a frequency of 600 Hz. A cyclist passes at 16 kilometres 
ber-hour. What does the frequency of the whistle appear to be to the 
cyclist before and after passing ? 


(Velocity of sound in air=350 mst.) 


Sol. We have in general, n’ = V Voc: 
V-V; 
Vo V 
Case I, O EAE ea eal R 
(0) S 
(moving) (Stationary) 
Fig. 6-1. 


Here V=350 ms-t, V,=0, 
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o= —16 km.p.h. = -———_ MS =- ms”. 


40 
n= aa * x 600= an 9 600=608 Hz. Ans. 


—-V —eVo 
(Stationary) (moving) 
Fig. 6-2. 


Now, V =350 ms-}, V,=0, Vo= +9 ms“! 


40. 
1350- — 
9 


350 x 600 = 592 Hz. Ans. 


n= 


Ex. 2: Two express trains -moving at 100 kilometres per hour 
are meeting each.other while one of them is whistling. continuously. 
If the frequency of the note is 100 Hz, find the apparent pitch to an 
observer in the other train (a) before the trains meet, and (b) after 
they have passed each other. (Velocity of sound in air=340 m/s.) 


Vo 


Sol. (a) We have in general, n’ power xn. 
F V-Vs 
V5 v Vo 
—> Pm ad — 
te ROR BRI a A 
S o 
(First train) (Second train) 
Fig. 6-3. 
Here, V=340 mst; V,= +100 k — 100x1000 _ 250 is-1 
s= + m.p. h. 6 03260 60 Or. —— ms”; 
Vo= — a ms™, 
ENE (-3 LU 
n= x 1000=1178 Hz. Ans. 
340 — ae 


9 
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(b) After they have passed each other : 


Vo v Vs 
— o — 
OOM 
10) S 
(Second train) _ (First train) 
Fig. 6-4. 


Now, Vs=— = ms-t and Vo= -+ 2. ms! 


340-20 


x 1000 =894 Hz. _ Ans. 
340— Gass LED 


Na nA 


Ex. 3. A tuning ‘fork of frequency 440 Hz approaches a wall 
with a velocity of 4 ms. What will be the number of beats between 


the direct and refieciee sound if the velocity of sound is equal to 
332 ms-! ? (Similar 1.I.T. 1981) 


Sol. Case I. When the aue fork is moving away from the 
observer : 


s! 


al ead 


Reflected wave 
Wall 


Fig. 6-5. 


The observer is receiving waves from two moving sources (i) one 
direct from the source, and (ii) the other from the image source. 


Let n' =appt. frequency of direct wave, 
n=, „ >, Of reflected wave. 
PTA "= A xn 
Pico V= xnand n T, 


ndo 2832. = 332_ 449 =445°4, 
n jagas s ARSED S 332 4% 


Hence number of beats/sec. L445 ‘4—434'8 = 10°6. Ans. 
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Case II. When the tuning fork is moving towards the observer : 


Vs 
=s Je Incident wave a 


[0] 
Reflected wave 


Wall 
Fig. 6-6. 


In this case both the sources and the images are approaching the 
observer with the same speed. Hence the frequency of the direct 
and reflected wave will be same. Hence no beat will be formed. Ans. 


EXERCISES 
(A) 


1. A train approaches a stationary observer at a speed of 75 kilometres per 
hour sounding a whistle of frequency 1000 Hz. What will be the apparent 
frequency of the whistle to the observer ? Velocity of sound=332 ms- +. 

(Ans. 1067 Bz} 

2. A train is whistling while approaching a tunnel at a speed of 36 km p.h- 
The driver hears the echo of the whistle reflected from the tunnel and estimates 
its frequency to be 850 Hz. Find the actual frequency of the whistle. The 
velocity of sound in air=330 m/s. (Ans. 800 Ez} 

3. An observer on a railway station platform observed that as the traim 
passed the station at 96 km.p.h., the frequency of the whistle appeared to drop 
by 400 Hz. Find the frequency of the whistle. (Velocity of sound=1200 km p.h.) 

(Ans. 2484 Hz) 

4. Two aeroplanes are approaching each other, and their velocities are 160 
and 240 kilometres per hour. The frequency note emitted by the first as heard 
by the passengers in the other is 1000 Hz. Calculate the true frequency of the. 
note as heard by its own passengers. (Velocity of sound=1200 km.p.h.) 

i (Ans. 772:2 Ez) 

5. A man is standing beside a railway line listening to the whistle of a 
passing train. The whistle which has a frequency of 1000 Hz suffers an apparent 
change of 100 Hz. What is the speed of the train? Velocity of sound 
=333°3 ms-1. (Ans. 16:7 ms’) 

6. Show that Doppler’s effect is greater when the source approaches the 
observer than when the observer approaches the source with the same speed. 

7. The wavelength of spectral line coming from a star is changed by the 
motion of the star from 6000A° to 6001A°. Find the velocity of the star with 
Tespect to the earth. (Velocity of light=3 x 10° m/s.) 

(Ans. 5104 ms—!—receding) 
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8. A supersonic jet plane of Mach 1-5 is sighted overhead. How far will it- 
be after 10 s ? (Velocity of sound=340 ms-) (Ans, 5:1 km} 

9. Show that the frequency of sound vibrations emitted by a source wilP 
appear to be doubled to a listener fixed in space when the source approaches the 
listener with a speed equalling half the speed of sound. 

10. The ratio of the apparent frequencies of the horn of a cat when appro- 
ching and receding a stationary observer is 11:9. What is the speed of the car, 


if the velocity of sound in air is 300 m/s ? (Ans, 30 m/s} 
(B) 

11, Can you go fast enough to have red light appear green? A (red)=6200 A 

and à (green) =5400 A. (Ans. Speed needed=4-4 x 107 m/s)» 


12. A bullet is fired with a speed of 670 ms-!. Find the angle made by the 
‘shock’ wave with the line of motion of the bullet. What is the mach number of 
the wave ? (Velocity of sound in air=335 ms—.) (Ans. 30°;,2) 


Ba PAE A 
ka : sind= Vi | 


13. A sonometer wire under tension of 64 N vibrating in its fundamentat 
mode is in resonance with a vibrating tuning fork. The vibrating portion of the 
sonometer wire has a length of 10 cm and has a mass of one gram, The vibrating 
tuning fork is now moved away from the vibrating wire with a constant speed 
and an observer standing near the sonometer hears one beat per second. Calculate 
the speed with which the tuning fork is moved if the speed of sound in air is 
300 m/s. (IIT 1983) (Ams. 0°75 m/s) 

14. A receiver and a source of sonic oscillations of frequency yy>=2000 Hz 
ate located along the X-axis. The source swings simple harmonically along 
that axis with a constant frequency and amplitude a=50 cm. Ifthe frequency 
band-width registered by. the stationary receiver is Av=200 Hz, find the value 
Of oscillation frequency of the source. Speed of sound in air=340 ms-!. 

; (Ans. 5'4 Hz} 


oOo 


LIGHT 


CHAPTER | 


REFRACTION AT PLANE AND SPHERICAL 
SURFACES 


1. Refraction : When a ray of light passes from one medium to 
another, it bends towards or away from the normal acco rding as the 
second medium is denser or rarer than the first medium. This pheno- 
menon of bending of path of light is known as Refraction. 


Laws, of refraction : (i) The incident ray, the refracted ray and 


the normal to the refracting surface at the point of incidence lie in 
the same plane. 


(ii) If a ray makes an angle 6; with the normal in the first medium 


and 0, in the second medium then 329 is a constant for the two 


sind, 

media and given colour of light. This is called index of refraction 
«f the second medium with respect to the first. This is written as iHz- 
i H Absolute index of refraction: The 
index ‘of refraction of a medium with 
respect to vacuum or air is called absolute 
index of refraction. It is written as 
Hi Ha, Hs, .. It can be shown from the 
principle of reversibility of path of light 


that u= Han 
Hy 


Fig. 1-1. ‘ fs SIDE: C Or py SİNO; =p, SiNd.. 
SIN®. pı 


This is the most general formula for refraction at a surface. 

2. Total Internal Reflection and Critical Angle : 

(i) Critical angle : When light passes from denser medium to 
rarer medium, angle of refraction is always greater than angle of 
incidence. Hence angle of refraction reaches 90° before angle of 
incidence can reach it. This particular angle of incidence when ray 


of light is refracted in the rarer medium at 90° i.e. ray grazes over 
the surface is called critical angle. 
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From general refraction formula p sind; =p,sinds, we have 
; H,8in90° = pasin C 


F I said j x 
or sinc="1-——=_ whenp="2 where pis the refractive index 
H -He op Hi 
Hı 


of the second medium relative to the first medium. 

(ii) Total internal reflection : When ray of light is incident at am 
angle greater than. critical angle, it is reflected backiinto the same 
medium instead of being refracted into the second medium. This is 
known as total internal reflection. 

(iii) Deviation and lateral displacement : Deviation, in general, is. 
the angle through which a ray is turned after reflection or refraction. 
At a plane surface due to refraction deviation is (i—r) where i=angle 
of incidence and r=angle of refraction. When a ray of light passes 
through a parallel sided slab the deviation at the second surface is 
exactly equal and opposite to the deviation at the first surface. 
Hence a ray isnot deviated in a parallel sided slab, rather it is. 
shifted sideways. This is called lateral displacement. 

3. Sign conventions : 

Old convention: (i) All distances are proposed to be taken from 
the pole or optical centre as the case may be (pole in case of mga 
‘and optical centre in case of lenses). : 

(ii) Distances from pole or optical centre towards the shes are: 
to be treated as positive and away from the object as negative. Į 

(iii) The medium in which light travels first before reflection or 
refraction is the first medium. 

Co-ordinate convention : (i) Same as the old convention. 

~ (ii) Distances from the pole or optical centre along the direction 
of light are to be treated as positive and against the direction of 
light as negative. 

(iii) The medium in which light travels before refraction or 
reflection is to be treated as the first one and the other medium 
as the second one. 

New or Modern convention : (i) Same as in the above two 
Conventions. ; 


(ii) Distances of real-objects from pole or optical centre are to 
be taken positive and that of virtual objects as negative. 
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(iii) The signs of image distance, focal lengths, radii of curvature 
are to be fixed up as positive or negative according as the image, 
focus and centre of curvature lie on the R-side and V-side (here Ris 
for real and V is for virtual). For refracting surfaces and thin lenses 
the side opposite to the incident is the” R-side and: the side from 
which the incident light comes is the V-side. 

Incident light 
’-side R-side 
Medium I Medium II 

Convention for V-side and R-side for refracting surfaces and thin lenses 

In case of mirrors the conventions for R-side and V-side is just 
‘the opposite. 

Incident light 


-_ 
R-side V-side 
Convention for R-side and V-side for mirrors 

(iv) The medium in which light travels’ before refraction is 
‘taken as the first medium and the other as the second medium. 

Note. As the old convention has become obsolete we use only 
«coordinate and new conventions. 

4. Refraction at spherical surfaces : When an object is. placed at 
‘a distance u from a surface (curved or plane) in a medium of index 
of refraction p,, the relation between object and image distance (v)in 
old covention is given by. 


HHE n-m _ (in co-ordinate convention) 


ua m Be— . : 
pe art. (in modern conyention) 


This is the most. general formula for refraction at a surface 
curved or plane because a plane surface may also be treated as a 
curved surface of infinite radius. 


Magnifications : (i) Lateral magnification (m) 
_ Sideways length of i image_v yy 
_ Sideways length of object w ` p,” 
(ii) Longitudinal magnification 


— length of image along axis SPRES 
~ Jength of object along axis jy 4 
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| Thin lens as a medium bounded by curved surfaces : There will be 
bending of rays 
twice before © final 
image is formed. So 
we will apply refrac- 
tion formula twice, 
first to the re- 
fraction at. first ; v 


surface and then at 
the second surface. ? Fig, 1-2. 

Always bear in 

mind in applying the above formula that the first medium is always 
that one in which a light travels. 


Hs _i Ha- Hı Hs- Ha (in co-ordinate convention) 
“lege ry veo Te 


Hs Hı Wei _ẸsT H2 (new convention). 

you Ty ra 

5. Focal length and Power of a lens : When the object is at infinity, 
the image distance from the optical centre in case of thin lenses is 
called the second principal focal length. Ordinarily by focal length 
of a lens we mean this focal length. When the image of an object is 
formed at infinity, the distance of the object is called the first prin- 
cipal focal length of the lens. The power of a lens is its capacity to 
impart curyature to a plane wave-front incident on it and is given by 
the reciprocal of its focal length. 

When a lens is bounded by the same medium, namely, air, 4,=1, 
#3=1 and m =p (index of refraction Of the material of the lens). 


1 z : 
oat 1) (7-7) (co-ordinate convention and new conven- 
J i 8 tion) 


Power = 5 dioptre (D). (new and coordinate convention) 


EXAMPLES 


Ex. 1. A glass sphere of 10X10 m radius has a small black 
Particle at a distance 3x 10- m from its centre. The particle is viewed 
along a diameter from the side on which it lies. How far from the 
Surface will it appear to be if index of refraction of glass is 1:5 ? 
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Sol. The medium in. which the object, lies is always.the first 
medium. Hence, here, m = 1'5, p= 1, 
u= (10 x10 —3 x 10-*) =7 x 10-2 m, r=10 x:10-2 m 


Substituting in the refraction formula, a Eo aie 
Co-ordinate convention : 
: BN a ht Oty 0470609:m. 


v =Tx10 ~“=10x10= 
Since y is negative, the'image is on the side of the object. 


Ans. The image is formed at a distance ‘0609 m on the side of 
the object. . 


sR if ec Aa gs E 0 E 
New convention : S Axo ESAN or v= — 0609 m. 


Since v is negative, the image is on the V-side, that is, on the side 
of the object. 


Ex. 2. A thin plano convex lens acts like a concave mirror of 
28 x 10-? m focal length when its plane surface is silvered. Calculate 


the radius of curvature of its curved surface if refractive index of 
material of lens is 1°5. 


Sol. The lens acts like a concave mirror of focal length 28 m 
means that an object coincides 
with its image when it is at a 
distance 2%-:28=-56 m from 
the lens because it is the pro- 
erty of a concave mirror that 
it forms the image of an object 
coincident with the object itself 
Fig. 1-3. when it is at its centre of 
curvature. 

Consider refraction at spherical surface. The ray diverging from 
the object (O) must refract at curved surface in such a way that it 
falls normally on the plane surface. Hence the i Image of the object. 
formed by the curved surface is at infinity, 

So we have for curved surface, 


u=:56 m, v= 0, m=] and p=1'5 (numerically). ` 
Co-ordinate conyention : À 
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Hence radius of curvature of the curved surface is ‘28 m. Ans. 


New conyention: 15. a ee or r=+'28 m. Ans. 
co -56 r 


Ex. 3. An object is at a distance of 10°¢m from the curved surface 
of a glass hemisphere of radius 10 cm. Find the position of the image. 
Also calculate the distance of the image if the object is token Surther 
away by 15 cm. Trace the path of rays in both the cases. 


Sol. Case I, 


Considering successive 
refraction at the two 
surfaces we have, 


Co-ordinate conyention : 
125 cae 15-1 


or v’'=—30 cm. 


0 eTO A 
T serves as object for the second surface. 
1 nl Sees = L266Tem 
aie ory 2 í 


Since v is — ve, the. final image (1) is at a distance 26°67 cm from 
the flat surface towards the object. : 


New convention : ede Bb OSE or v' = —30 cm. 


y 10. +10 
T' serves as object for the second surface. 
i MSS dl oS hapaplie 2296-67 em. 
yon mailer Ye 


Case TI. 


zt RH re cae ae 
ordinate convention : Tr Seay EEG 
The plus sign shows that the image 1’ is on the other side of A, 
But before the rays can converge to I’, they are intercepted by the 
cond surface, So I’ serves as the ‘virtual object’ for ‘the second 
Surface, By’ — 150— 10=140 cm. 
Á ho abiding oS 
v +140. 00 


or v'=+150 cm, 


or v= +93°3 cm. 
N. E, P,-19 us i 
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Since y is positive, the 
final image is at a dis- 
tance 93°3 em on the 
other side of the_flat 
surface. Ans. 

New convention : 

Oe Ces Oe Eo 

v +10. 

or v=-+150 cm. 


The plus sign shows that the image J’ is real and is on the other 
side, that is, R-side of A. But before the rays can converge to I’, 
they are intercepted by the flat surface, So it serves as the ‘virtual 
object’ for the flat surface. BI’=150—10=140 cm. 
1°5 1-15 

œ 


1 ik 
TU 


or v= +933 cm. 


The plus sign shows that the image is real and is on the other side, 
that is, R-side of the flat surface at a distance 93°3.cm. ‘Ans. 


Ex. 4. A concave mirror of radius of curvature 30 cm is placed on 
a table with its reflecting surface upward. A little liquid is poured on 
the surface of the mirror. Now a pin is held above it andisso adjusted 
that it coincides with its own image. ~The distance of the pin in this 
position is 23 cm, Calculate index of refraction of the liquid. 


Sol. Note that the liquid and the concave mirror form a liquid 
Plano convex lens, curved surface of which 
is silvered. <The ray OA bénds along 4B 
by refraction at plane surface (r 00). The 
ray is returned along BA by the lower 
surface and along AO by the upper sur- 
face and the final'image is formed at that 
very place where the object lies. 

On producing BA it must pass through 
centre of curvature ‘C’ of the mirror. 

Thus for plane surface PO =object 
distance =23 cm (given) and PC=30 cm 
(neglecting the ‘thickness of the liquid). 
Applying refraction formula, 


Ris. 
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Co-ordinate convention: ee or p= ao! 31. Ans. 
New convention: “1 L oul or w=1°31. Ans, 


= 30: 523 recom 


Ex, 5. An equiconvex lens has power +-2D in air. What will be 
its power in water ? (Index of refraction of material of lens=1'52 
and Index of refraction of water = 1°34.) 


Sol. Co-ordinate convention : Pao and F =(p- 1) (+-+) 
Here P=+2D, r= +r (say), r= —r. 


2=(152— (4-4) pr. p= a2 i. 


In the above formula p is the refractive index.of the material of 
the lens relative to the surrounding medium. When the lens is 
immersed in water, p is to be replacéd by wg. By the law of inter- 
mediate media for refractive indices, T f 


sieg XE 52=1:134. 


whHg = wha% a: 


. P' (power in water) =(1'134— (3, m7 = =+'52D. Ans. 


1 
New convention : We have Pat and z-i- 1) (4-5). 
Here P 12D, n=-+r (say) andr = —r. 
atashi) or r='52 m. 


In the above formula p is the refractive index of the material of 
the lens relative to the surrounding medium, that is, air. 

When the lens is immersed in water, p is to be replaced by whg. 
By the law of intermediate media for refractive indices, 


1 = ee 
tellg = wha X alg Lokis] 52=1°134. 
w 


rt Vd l 
© P (power in water) =(1134—1) fi =452 D: “Ans. 
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Ex. 6. Three liquids of indices of refraction pi, u, and p, and 
thicknesses dı, d, and ds respectively are placed one above the other, 
w being at the bottom and s-on top. A small bright object is lying 
at the bottom of the first liquid. Find the apparent position of object 
when viewed normally from top. 


Sol. Co-ordinate conyention: Applying refraction formula to the 


I By Ma BamM 
first surface (+ upward and —ve downward) 5 Sk ete 


(infinity because the surface is 
plane), or y’= —42¢,. The negative 
Hy 


sign shows that itis on the side of 
the object. The image J’ serves as 
Object for the second ` surface, 
Object’ distance for the second 


surface =d,+#2d; 
By 


Fig. 1-7 % Applying refraction formula te 
} the:second surface, 
Hg ii ou Bales, —U3—He or y=-(4 PA 2 Jug 
y” 


A. d+” d) 2 
\ Hy 
The minus sign shows that 7” is on the side of J’. 
T” serves as object for the third surface. Object distance 
=ds+bs (4:4) S Gta as š 
Hı Hg Hı p H3 
Applying refraction formula to the third surface, 


1 Hs $i ees (and ya) 
TT : im Ory = p2 H Ans. 
R Hg d ipaa ph ara 

Hı He Hs 


‘New convention ; Applying refraction formula to the first surface, 


Pee ata (r= œ because the surface is flat) 
1 


BHAT Wi wide The negative sign shows that the image J’ is virtual 
1 
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and it is on the side of the object. J’ serves as a for the second 
surface. Object distance= dtt i (2+4) R 


Applying refraction formula to the second fuon, 


í H: — d, d 
Bs = h ee ee or v" = — u da), 


v” i Ha (2 +3) œ `~ Hı He 


I" serves as object for the third surface. Object distance 


-arn (dst) m(d de) 


Applying refraction formula to the third surface, 


i: bs NRE shh) A 
i TE © Hy Ma 
Hı Hə B3 


Ex. 7. A hemispherical paper weight contains a small artificial 
Slower of size 2 cm on its axis of symmetry at a distance 3 cm from 
the flat surface. What is the size of the flower as it appears to an 
observer when he looks at it along the axis of symmetry (a) from top, 
(b) from bottom? (Radius-of the hemisphere is 10 cm. Index of 
refraction of glass=1°5.) 


Sol. Co-ordinate convention : (a) Applying refraction formula to 
‘the spherical surface (~ve downward and 
tye upward), 


tts. foie en ae 
s WT al eee 


3 5 e of image 
Magnification=—. "+ = paige £ 
i’ pty size of object 


Fig. 1-8 


or J=2°61 em. Ans. . 
(b) When viewed from bottom refraction takes place at the plane 
“surface (r= co) with +ve downward and —ve upward. 


LV Vota or _v=2 cm, 
y -3 (ce) 
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D SPRIE T 
seen eee eae I=2 cm. Ans. 
Now 3 T 5 or 2 
New convention : (a) Applying refraction formula to the spheri- 
beh re ESE _ 140 
cal surface, ita esr ae 


Hy _ size of image 


Magnification= Ł , -e 
sa u u size of object 


140 
23. (eS ab: Ans. 
eS re I=2°'61 cm. 


(b) When viewed from bottom refraction takes place at the plane 
surface (r= œ). 5 


ae O bas Bs pore 
Se S or v=—2 cm, 
25 de IL 
Now, EA TEESE aS ; Ans.. 
ow, 3 i 7 or I=2 cm 


Ex. 8. A rod of length 2-5 om is held longitudinally along the axis 
of symmetry of a glass hemisphere of radius 10 cm with its nearer 
end at a distance of 5 cm from the curved surface. Find the length 
of image of the scale. (u of glass= 1-5) 


Sol. We will find the distances of the images of far and near end 
of the rod. The difference will give the length of the image. Consider 
successive refraction of rays from the nearer end at the surfaces of 
the hemisphere, 


Co-ordinate convention; 15 _ gh, ES 1 or yv’'=—10cm 
v -5 +10 
This image seryes as object for the second flat surface. 
PERESS 


PALE IO or v= — 133 cm. 


For the far end, ae e or v'=—18 cm 


l Pr 150s hraeg 
ia N a 
-. Length of the image=18:7— 13°3=5'4 em. Ans. 


oF y= — 18:7 cm. 
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; 1: 1 rset 
ti e Sees nl 
New convention F + EEST, 


This image serves as object for the flat surface. 


EE E r anid 
STADE ER is or y=—13'3 cm. 


or v=—10 cm. 


psi catie 
For the far end, ITS co 


and 1 1i- or v=-— 187 cm. 


Length of the image= 18:7 —13°3= 5:4 cm. An AnS, 


Ex. 9. A glass slab of thickness 19 cm is placed at a distance 
5 cm in front of a convex lens of focal length 10 cm. An object is 
placed at a distance 5 cm from the lens on the other side (opposite to 
the slab) of it. Find the position of the final image. (u of glass= 1'5) 


or v'=—18 cm 


Sol. Co-ordinate convention : l-7 or v'=—10 cm. 


Thus had there been no slab, the image would have been formed at 
a distance 10 cm on the same side of the lens as the object. The slab 


shifts the image by (10- ie towards the lens (Fig. 1-9). 


The final image is at a distance = 10-(10= 1) = 6°67 cm. 
Ans. 


New convention : dyahe J or y==10cm. Thus had there 
y 5 +10 
been no slab, a virtual image would have been formed at a distance 


` 10 cm on the side of the lens as the object. The slab shifts the image 


by (10 = i) towards the lens (Fig. 1.9.) 
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The final image isat a distance = 10 (10-2 = 6°67 cm. 


Ans, 


Ex. 10. A pin is placed 10 cm in front of a conyex lens of focal 
length 20 cm 


made of glass of index of refraction 1'5. The surface of 
the lens further away from the pin is silvered and has a radius of 


curvature 24cm. Determine the Position of the final image. Is the 
image real ar virtual? 


E 1 1 
Sol. Co-ordinate convention : We have, a (u—1) (4 Te 
f Ny Ps 
Fig.1-10 
1 1 1 
— F (L51 eS a ee 
eS) ( PTE 5) 
or r= a cm, 


Considering refraction at the first surface 
1'5 1 15-1 
Sy 10 1. Or Y == 21-2 cin, 
¥ 10 +e 


erves as object for the second surface 


which is silvered, Applying mirror formula (H EL we have 
v» u 


a 


The image J’ (Fig, 1-10) s 


AT 1 1 1 r . 
v7 Meare a OF e —27°7 om. 


Before rays can Converge to 7” they are intercepted by the first 


surface again: So J" serves as virtual object with reversal of- 
direction of rays and so Teversal of frame of reference as well (—ve 
tightward and +-ve leftward). 
Ete 
r F TERON or v= +12 cm. 
: 7 
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The plus sign shows that the final image is real and is äta dis- 
tance 12 cm from the lens on the side of the object. Ans. 


Mi ENT E 
New convention: We have pew 1) (G ZWA 


Tn BRES E e 
Cri 5-1) G Ia) r= m 
Considering refraction at the first surface, 
Sl parkas rays 
a7 aan 720 OF Y= —212 cm, 
HOR bie 
The image J’ (virtual) serves as object for the second surface 


which is silvered. Applying mirror formula (114-4) we have 


1 
Breer Bale "= 427:7 om. 
yo B or v +2 : 
Before the rays can converge to I” they are intercepted by the 
first surface again. So I” serves as ‘virtual object’ with reversal of 
direction of rays, 
1 15. 1-45 


y aot a a 


or v= +12 cm. 


The plus sign shows that ernst image is real and is at a dis- 
tance 12 cm from the lens on the side of the object. - Ans. 
EXERCISES 
Total Internal Reflection and Critical Angle 

(A) 


1. The index of refraction of water and castor oil are 13 and 1:5 
fespectively. Find the'critical angle if a ray of light passes from oil to water. 

(Ans. 60°) 

2. A ray of light falls at angle of 57° on the surface of water. The 

teflected and refracted ray are found to be at right angles to each other. What 

is the index of refraction of water ? (Ans. p=1°54) 

3. A glass cube has a spot at its centre. What parts of the cube face must 

be covered to make it invisible, no matter what the direction of viewing ? The 

edge of the cube is 10 cm and index of refraction of glass is #5, 
(Ans. cover the centre of each face with a circle of radius 0447 cm) 


4. A man’s eye is at a depth h below the calm surface of water. Prove that 
the surface of water appears to the man like a plane mirror with a circular hole 
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in it through which objects situated outside can be seen. Prove also that the 


radius of the hole= 


A » where j1=index of refraction of water, 
| 

5. A beam of light falls upon a Parallel sided slab of thickness 6 cm, The 
angle of incidence is 60°. Find the lateral displacement of the beam which 
Passes through this slab, H=1°5, (Ans. 3'1 cm) 


(B) 
6. Show that, for small angle of incidence, the lateral displacement of a ray 
through a glass plate of thickness ¢ is x= aot 10, where u is. the index of 


refraction of ‘glass and @ is angle of incidence in radian, 

7. A point Source of light is placed at a depth h below the surface of a large 
deep lake. Show that the fraction of the light ener, 
the water surface is independent of h and is given by 


uzv- I 
f: (=), 
[Hint : Light escapes through the cone of Semi-vertical angle equal to critical 
angle. Solid angle of a cone of semi-vertica] angle 9@=2n(1—cos@). 


m that surface. Calculate 
the index of refraction -of the liquid in terms of Hand 9. (Ans. y/u coso) 


u?h cos’ ) 
Ans. EE EE, 
( (u?—sin’9)" 7 


10. Monochromatic light is inci- 
dent on a ‚plane interface AB bet- 
ween two media of refractive indices 
mand n, (n,<m) at an engle of 
incidence 9 as shown in the figure. 
The angle @ is infinitesimally greater 
than the critical angle for the two 
media so that total internal reflec- 
tion takes place. Now if a trans- 
parent slab DEFG of uniform thick- 
hess and of Tefractive index z, is 

Fig. 1-11 introduced on the interface (as shown 
in the figure), show that for any value of nz all light will ultimately be reflected: 
back into medium Il, Consider Separately the cases : (i) Ng<n, and (ii) n, >r» 

y è (LIT. 1986Y 
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Refraction at spherical surfaces 
(A) 


1. A glass sphere of radius 10°cm has a small particle enclosed in it 
at a distance of 5 cm from its centre. Where will it be if it is viewed along 
the diameter through the particle from the side opposite to it? (p=15) 


(Ans. 4 cm when viewed from the nearer surface and 20 cm when viewed 
from the distant surface.) 

2. The two surfaces of a double convex lens are of radii 10 cm and 30 cm. 
Find the focal length of the lens in water, p of water=¢ and p of material of 
lens=3/2, 3 [Ans. f="6 m (convergent)} 

3. When viewed normally through the flat surface the apparent thickness of 
a plano-convex lens appears to be 2 cm, If the radius of curvature of the 
spherical surface is 10 cm and the actual thickness of the lens is 3 cm, what will 
be the apparent thickness of the lens when viewed from the curyed surface ? 

(Ans. 2:22 cm} 

4, A thin plano-convex lens acts like a concaye mirror of radius of curvature 
20 cm when its plane surface is silvered. Find the radius of curvature of the 
curved surface if index of refraction of its material is 1°5. (Ans. 10 x 10-? m) 


5. A mark on the surface of a glass sphere is viewed from a position. 
diametrically opposite to it. If the diameter of the sphere is 10 cm and p of 
glass is 1:5, find the position of the image. 

(Ans. Virtual, 20 cm from the refracting surface) 


6. A pin placed in front of a horizontal concave mirror, coincides with its. 
own image when its distance is 30 cm from it. It is then filled with a liquid and 
itis found that the pin has now to be shifted through 10 cm towards the mirror 
to make it coincide with its image again, Calculate index of refraction of liquid, 

(Ans, p=1°5) 

7. Asmall artificial flower is embedded at the centre of a glass sphere: 
of radius 5cm, If for glassis 1:5, find the apparent! position and relative 
size of the image, 

[aw : m= E, El (Ans. 5 cm, 1°5 times enlarged) 

H u 


8. A vessel of depth 2d is half filled with a liquid of index of refrac- 


tion m and the other- half. by liquid of index; of refraction man Find the 
ilsa 
apparent depth of the vessel when viewed normally | as. (iN 


cm radius serves as a lens. 


9, A hemi =1:5) of 7:5 
emisnlieey oF Bene è laced 10 cm in- front of the 


Find the position of the image when an object is pl 
(a) plane surface, (b) curved surface. 

[Hint : Do not neglect thickness of lens.) 

[Ans. (a) final image is at infinity, (b) 35 cm from the plane surface} 

adius is, silvered over its curved 


10. A glass hemisphere of 10 cm T 5 
Surface, There is an air bubble in the glass 3¢m from the plane surface an 
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along the axis, Find the Positions of the images of this bubble seen by an 

observer looking along the axis into the flat surface of the hemisphere, 

(u=ls) (Ans. one image is at a distance 2 cm from the flat surface 

and the other at a distance 5 cm from the same surface) 

11. A small object is Placed at a distance 60 cm from the ‘surface of 

# sphere of radius 10 em (u=1°5) along a diameter, Where will the final 
image be formea by refraction in both surfaces ? 

(Ans. 9:09 cm beyond the far side of the sphere) 

12. If the index of refraction from air to glass is 3/2 and that from 


air to water is 4/3, find the ratio of the focal lengths of a glass lens in water 
and in air, 


air with the nearer end at a distance 5 cm from the surface. Calculate the 
fength of the image formed, (u of water=4/3 and radius of curvature of 
(Ans. image will be 32 cm long) 

14. An object is placed at a distance 5 cm from the curved surface 
‘of a thin plano-convex lens, the plane surface of which is silvered. Find the 
curved sat final Position of the image formed. (Radius of curvature of 


(Ans, image is Virtual; 10 cm on the other side) 
15. There is a large: concave mirror immersed in a large tank of water 
‘ata depth 20 cm. Tt is held horizontally and its reflecting surface is turned 


distance 5 cm from the near surface of the slab on the other side. Calculate the 
distance of final image from the lens, (u=1°5) 


(Ans. 8-33 cm away from the slab) 

18. Two watch glasses of radii of curvature 10 cm and 30 cm are Cemented at 

the edges to form an ait-convex lens. . What is its focal length in air and water ? 
Isit convergent or divergent in water 2 H of water=4/3, 

lAns. Infinity; 30 cm (divergent)] 

19. Find the radii of curvature Of @ convexo-concave convergent Jens made 

Of glass with`a refraction index of = 1-5 having a focal length of f=24 cm. One 

of the radii of curvature is double the ‘other, {Ans. 6cm; 12cm) 


(B) - 
20. A thick ‘convex tens is bounded by surfiices of radii 5 cm and 8 cm and 
‘has thickacss 1- cm at its centre, An object is placed at a distance 5cm from 
. Find image distance from the first surface, (4 Of glass=1-5) 
_ Unt: See Ex, 4) (Ans. 35-2 cm on the same side, image is virtual) 
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21, A plano-convex lens of focal length 15-em is placed with its curved 
surface on a plane mirror. The space between mirror and leos is filled witty 
Certain liquid. If a pin held in front of the lens coincides with its image. when 
it is at a distance 30 cm from the lens, calculate index of refraction of liquid 
assuming index of refraction of material of lens 1°. 


(Hint: Note there is a combination of two lenses > (i) glass lens, (i) a liquid 
s 1. wf ag 1 1 ‘ 
lens. So use -F = VA A and 7 =o-o( 3-4) (Ans. 1°25) 


1 922) A cross ‘+’ 2 cm by 2 cm is placed at the centre of a glass sphere of 
fadius 10 cm. How long will the two appear when viewed along the prolongation: 
of one of the arms of the cross ? (p of glass= 1-5) 


(Aas. transverse arm 3.cm, longitudinal arm 301 cm} 
23. Calculate the focal length of an equi-convex lens bounded by surfaces of 


radius of curvature 20 cm when it is surrounded by air on one side and by a 
liquid on the other. Will it be convergent or divergent if the liquid be of index 


~ of refraction (i) 1-3, (ii) 1°62 Index of refraction of material of lens=1°S. 


k (Ans. 37-14 cm, convergent; 80 cm, convergent) 
24. The convex surface of a thin concavo-convex lens of glass of refractive 


-index 1-5 has a radius of curvature of 20 cm. The concave surface has a radius 


nn 


of 60cm. The convex side is silvered and placed on a horizontal surface. 

@ Where should a pin be placed on the optic axis such that its image is 
formed at the same place ? 

(ii) If the concave part is filled with water of refractive index 4/3, find the 
‘distance through which the pin should be moved so that the image of the pin 


again coincides with the pin. (LL T. 1981) 
[Hint: A ray returns along its own path when it falls normally on the 
Teflecting surface.) (Ans. 15 cm; 1°15 cm towards the lens) 


25. A concave spherical mirror with a radius of curvature of 20cm is filled 
With water (»-$). What is the power of this system ? 


{Hint : P, (power of the mirror)= 2; Ps (power of the plano-convex lens 


“containing water)=} p}. P (power of the system)=P,+2P,, since the light 


Passes through the water twice.] z (Ans. 13°3 D) 


26. A large bubble of radius 10 cm is formed in water. Where is the image 
of a distant object formed inside the water by the paraxial rays ? Will it act as 


a divergent lens or a convergent one? p of water= £.. 


(Ans. 15 cm from the centre on the side of the object; divergent) 
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27. A beam of light is incident ona spherical drop of water at angle 60°. 
Find the total deviation of the ray after a single reflection from the internal 


surface. p of water=4 (Ans, 138°) 


[Hint : D=180°+2j—4r] 

28. The concave surface of a thin concavo-convex lens of glass of refractive 
index 1*5 has a radius of curvature of 50 cm. The convex surface has a radius 
of curvature of 10cm. The concave side is silvered and placed on horizontal 
surface. Where should a pin be placed on the optic axis such that its image is 
formed at the same place? If the object is placed ata distance of 60 cm, 
where is the final image'formed ? (Ans. 50 cm, 23 cm) 


omg 


CHAPTER 2 
LENSES AND PRISMS 


1. Lenses: The object distance u, image distance y and focal 
length f of a mirror are, in general, related by 
1 


hich ; > 3 
PEE: = F (new convention and co-ordinate convention). 


The object distance.u, image distance yand focal length of a lens 
are, in general, related by 


1 1 1 Í y 

— —— = — (co-ordinate convention 

Vs t So ( ) 
and oh aj as abk (in new convention). 

V tie 


Lateral Magnification = „size of the image (lateral) _ v 


size of the object (lateral) u 


size of the image along the axis" 


Longitudinal nification = ee A OnE OERE] 
pHSiUCiNal ena size of the object along the axis 


Note : The focal length of a concave mirror is positive’ in new 
convention and negative in co-ordinate convention but in case of 
convex mirror it is just opposite. The fecal length of a convex lens is 
Positive in the co-ordinate and new convention but in case of concave 
lens it is just opposite. 

2. Refraction through a prism : When a ray of light passes through- 
a prism, it is invariably bent towards the base of the prism. 

In the figure PQ is a ray incident at an angle i and is refracted 


at an angle r such that sin? óp, It is incident on the adjacent face 
sin r 


at an angle r’ and finally emerges at an angle i’ along RS such. that 
sin i’ 
sme The angle by 
which the ray is turned 
towards the base by the 
prism is called angle of 
deviation. In the figure 
this angle is Z EOR. We 
denote deviation by D. 
Form the simple geometry Fig. 2.1. 
of the figure. 
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m—(rt+r)+A=n 
or ; rtr=A E h 
and D=(i-r)+(i'—r’) 
or D=(i+i')—(r+r') 
or D=i+i'-A à 
or i+i'=A+D QE 


Equations (1) and (2) govern the refraction of a ray through a 
prism. 


3. Minimum deviation (Dm) : The angle of deviation depends 
on angle of incidence in a peculiar way. 
When angle of incidence is small, .devia- 
tion is large, As j increases, D decreases, 
attains a minimum value and then 
increases with increase of i. The mini- 
mum value of D so attained is called 
minimum deviation, 


Minimum diviation occurs when 
t=i' and r=’, 


Soa ENRE ANA 
r=5 and i= ee aah 
sin’ 2m 
Thus wethaye, - u= 5 < ET HN 
sinz 


i 4, Limiting angle of incidence and Maximum deviation (Dinca) : 


There will be no emergent ray if r’ is greater or equal to C, the 
Critical angle of the material of the prism, that Is. eG. 


But CERSA, (always} 

at r<sA-—C 

or sin r <sin (A— ©). 

Now, p= eas : (always) 
$ siny 

or sin 7= p sin y, 


The condition for no èmer- 
gent ray is» 


Fig, 2-3 Sin i< p sin (A =C) 
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or sin i<p(sin A. cosC—cosA, sinC). 
i 
We know, B nC" 
NE a ` 
sin i< u(sin AV EZE Leos 4) 
u u 
or i<sin™ (y?p—1 sinA—cos4). ; 
inm=sin™ (yu? — 1 sind —cosA) oe (4). 


This gives the limiting value of the angle of incidence. If angle 
of incidence is less than this limiting 
value there will be no emergent A 
ray. 

When the emergent ray grazes 
along the surface, the deviation is 
maximum. This occurs when i=ijim. 
In the Fig. 2-4, Z EOR= Dmaz. In the 
triangle AQO, ZAQO=90° —iym. 

`  90-ium+A+ Dmaz = 180° 

or Dmgr=90°+inm—A .. (5). ` Fig. 2-4 
__ 5. Refraction through thin prism : When prism is thin and ray 
1s almost normally incident i, i’, r, r’ and A are all small. 


= Slat 
sin r 


sin r LE) ori air 
sinr r 

“ i+i’=(ur-+-r’). g 
But i+i’=A+D is always true whether prism is thick or thin. 
So also r+r=A. i 


B 


a = or i=pr, and p= 


or D=(u-1) A is eye 
EXAMPLES 


Ex. 1. A` luminous object and a screen are at fixed distance 
D apart. (a) Show that a conyerging lens of focal length f will form 
a real image on the screen for two positions that are separated by 

d=/D(D=4f). 
(6) Show that the ratio of the two image sizes for these two: 
Positions is , $ à 
2. 
( Dad 
D+d 
N. E. P.-20 
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Sol. Old convention : For a converging lens forming real image 


1 Per: Sit eee a 
we have = ee or Par 


Co-ordinate conyention : For a converging lens forming real image, 
1 1 1 | ag! 1 


ae ork a, 
pled Sued 3 ween f 
New convention : For a converging lens forming real image, 
Ei clack 
feet a 
EEE He 


The rest is common to all the methods. 


Now uty=D. eae Nea or u?— Du+ Df=0. 


D-n uif 
D+vD=4Df 
i z 
Thus if u, and u, are the two values of u, then d= uy — us 
or d=}(D+vD?-4Df)—4(D- v D™—4Df) 
=y D: —4Df) 
or d=./D(D—4f). Proved, 


(b) Eliminating u from (1) we obtain. a similar quadratic in 
v, that is, ?— Dy+ Df=0. 
Di /D*—40f 
2 
Since u4,4+%,=D=u,+v,, the value of v, corresponding to 
t= 3 (D++/D?—4Df) must be 4 (D—+/D? —4Df) and that corres- 
ponding to u.=} (D—+/D?—4Df) is 4 (D+./D®—4Df). 
Now, size of image in the first position mi _ Yı xH 
* ‘size of image in the second position Ms u v 


. R (the required ratio) = #2 = VD®=4 Df) > VDI —ADf )x (Dy (D*=4Df)_ 
D+ D4 Df) x (D+ v D*-4Df) 


Va. i= 


(Dir fDi Die ADA ADI Ys “(fae zy. Proved 
Ho ; 


(D+-yD¥=4Df} 
Ex. 2. The refracting angle of a prism is 60° and the index of 
refraction is »/%. What is the limiting angle of incidence of a ray 


that will be transmitted through the prism and what is the maximum 
deviation produced by it ? 
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Sol. We have,’ sin izm=+/w?—1 (sin A—cos A). 
Here A=60°, p= Vj. 


zi sin ium=( J Ti sin 60° — cos oo") 


(a 


=sin 30°. 
itim= 30°. Ans, 
Further, we have Dmaz=90° +inm—A3 
Dmax = 90° +30° — 60° = 60°. Ans. 


Ex. 3. A ray of light is incident at an angle of 60° on one face 
of a prism which has angle of 30°. The ray emerging out of the prism 
makes an angle of 30° with the incident ray. Show that the emergent 
tay is perpendicular to the face through which it emerges and calculate 
the refractive index of the material of the prism. 

Sol. In prism refraction we have always 

rtr'=A, 
iti’=A+D. 

Here i=60°, A=30° and D=30°. 

Hf 60° i’ =30°+-30° or i’ =0. 

Hence emergent ray is perpendicular to the face through which it 
emerges, ‘ 

st , Sei alls 
iag #0 ( ` Pnr 

Ee r+0=30°; 


Now, 2 sine ee 1°732. Ans. 


Ex. 4, A glass prism of angle 60° and index of refraction 1'5 
is immersed in a liquid of refractive index 1°33. What is the angle of 
minimum deviation produced by the prism inside the liquid ? 


Sol, We have, 1= — 7 
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Since the prism. is immersed in a liquid we must use index of 
refraction of glass relative to the liquid in place of p. 


gine, 
We have m,= 


A 
sin 


By law of intermediate media, 


Wg= MaX ally [air (a) being the intermediate medium] 


1:5 
X alig = [33° 


< 609-48 

al le as a a WA s 

E Grill sae ORE i eel any 

133 Bee CEE OM 133° 5 366, 
2 


o 
or sinf töm _ 5639 sin 34020; |, SO ew _ 34°20" 


or 60°+-8m= 68°40’, or Sm=8°40". Aus. 


Ex. 5. A prism of refracting angle 30° is made of material of 
refraction 1:5. Find the emergent angle when a ray (i) falls normally 
on one face, (ii) almost grazes on that surface, 


Sol. Critical angle of the material of the prism is given by 


sin C= aes or C=sin~ (6667) = 41°48", 


(i) When i=0, r=0. 

The ray will, therefore, fall on the 
adjacent face at a glancing angle 60° or 
at an angle of incidence 30°. Thus r’= 30°. 


sini’ ’ sini’ 
1 —-, hs z 
sinr sin30' 


„Or sin i’="75, or i’ = 48°36’, 
Thus, tay will emerge . at 48°36’ 
Fig, 2-4 towards the base, Ans. 
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(ii) When i=90° (i.e. ray is almost 
grazing), r=C=41°48", 

Complementary to r=90°—41°48’ 

. =48°12'. 
*, Glancing angle of an adjacent face 
= 48°12’ +30° = 78°12’. 

.. Angle of incidence on adjacent 

face = 90° — 78°12’ = 11°48’, 


Thus r’ = 11°48’, 
Now, i sini’. Fig. 2-5 
sinz’ 
or sini’ =1°5. sin 11°48'=1°5 x -2045 
or sini’ =*3068, or i’=17°52'. 
Thus ray will emerge at 17°52’ away from the base. Ans. 


Ex. 6. A thin prism of angle 2% 30' and of index of refraction 
1°58 for sodium light is held at a distance ‘2 m from a slit illuminated 
by sodium light. What is the distance between the slit and its image 
Formed by the prism ? ; 


Sol. We have in a thin prism, 
D=(p-1)4; 
D=(1°58—1)x 2°30! | 


=1:45°=1:45 x -= radian. 


180 
Clearly from figure, 
SS’=SO x D. 
(‘SO’ is the distance of prism - 
from S because its thickness is Fig. 2-6 
negligible.) i 
SS'=:20% 145x iw ='005 m or *‘5,cm. _ Ans. 


Ex. 7. The index of refraction of an equilateral prism 5 ih If 
the angle of incidence of a ray of light on one of the faces of prism is 
45°, calculate the angle of emergence and the deviation of the ray. 


Sol. We have = 8nd 
i 


: or sinr=}, or r=30°. 
sin 
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We know that refraction through a prism takes place in accord- 
ance with the equations r+r'=A and i+j'= A+D. 


Ex. 8. A right prism is to 

be made by selecting a proper 

material and angle A and B 

A B (BSA), as shown in the Figure. 
It is desired that a ray of light 

incident on the face AB emerges 

parallel to the incident direction 

after two reflections. (i) What 


C should be the minimum. refrac- 

Fig. 2-7 tive index n for this to be possi- 

ble ? (ii) For n=} ts it possible to achieve this with the angle.B equal 
to 30° ? (LIT. 1987) 


Sol. When B=C, critical angle, it is possible to achieve the above 
situation. This means sinB = sinC=1/n, 

Since A+ B=90°, sind= sin(90°— B) = cos8 = w wer 
Since A>B, sinA>sinB or sin?4>sin2B 
or ideal or n>¥/2, 


Minimum value of n= V2=1°414. Ans, 
When n=§, C=sin-1 for 
The angle of incidence on the face CB is 30° which is less tham 


the critical angle. So for n=§ it is not possible to achieve the 
given situation, . 


Here, r’=60°—30°— 30°, 


whys seer 1 
Again SME ee De Bogs gin geile 

Eam, nre v sin 30° y2 
or V=459, 


` Now, from the formula i +1’=A-+D, we have 
45°+.45°=60°4. D 
or D=30°. Ans. 
Ex. 9. Show that if the angle of a prism is twice the critical angle 
of glass of which it is made there will be no emergent ray. 
Sol. See the article and deduce the formula, 
sin i= p sin (4-0). 
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Jf A is fixed, that fixes up the,limiting value of 7, Conversely if 
we put maximum possible value of 7 we will get limiting value of A. 
The maximum value of i is 90°. ; 


įv For limiting value of A, we have 

sin 90°=p sin(A—C), or + =sin(A—C), or sin C=sin (4—C) 

or C=A-C, or A 2; Proved. 
EXERCISES 


Lenses : 


1, Show that when the distance between object and screen is’ greater than 
four times the focal length of a convex lens, there are two positions of the lens 
where it forms the real image of the object on the sereen, " Prove the following: . 

D?—x? i 


@) Gi) f= Gm 


(iii) S=./ S,S, where D=distance between object and screen, x=displace- 
ment of lens; m,, m, are the magnifications in the two positions and S, and S are 
the sizes of the images in the two positions. 3 

2. Light is converging at a point A and a convex lens of focal length 20 cm 
is placed at P in the path of the beam where AP=30 cm. The beam now con- 
verges to Q. Calculate the distance AQ. . (Ans. 12 cm) 

3. A convex lens on the optical bench forms the image of an object on a 
screen, and the magnification jis 2, Keeping the object and screea fixed, the 
image is again formed on the screen when the lens is shifted by 25 cm and the 
magnification is ‘5. Find the focal length of the Jens. (Ans. 16°67 cm) 

4. By adjusting the distance of a convex lens the image of a lamp is obtained 
on a wall. By moving the lens 25 cm nearer the wall, the image is again formed 
on the wall which is this time 4 of the previous image. Find the focal length 
of the lens, (Ans. 16°67 cm) 

5. The distance between two point sources of light is 24 cm. Where should 
a convergent lens with a focal length 9 cm be placed between them of obtain the 
images of both sources at the same point 2 y 

(Ans. 6 cm from one source and 18 cm from the other) 

6. The height of a candle flame is 5 cm. A lens produces an image of this 
flame 15 cm high on a screen. The candle is then moved over a distance 15 cm 
away from the lens, and a sharp image of the flame 10 cm high is obtained after 
shifting the screen. Determine the focal length of the lens. (Ans. 9 cm) 


Prisms : 


(A) 

60° and the refractive index for sodium 
deviation for 
(Ans. 37910’) 


__1. The refracting angle of a prism is ish 
light'is known to be 1:5. What would be the angle of minimum 


the prism for sodium light ? 
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2. A ray of light traverses a prism of refractive index 1°6 and just undergoes 
total reflection at the second face. If the Tefracting angle of the Prism is 60°, 
what is the angle of incidence at the first face ? (Ans. 35°35’) 


refraction 1-5. From which face does it emerge ? Find the angle of deviation of 
. (Ans. from the third face; deviation=60°) 


4. A glass prism of angle 72° and index of refraction 1°66 is immersed in a 
liquid of refractive index 1-33, What is the angle of minimum deviation fora 
Parallel beam of light Passing through the prism ? (Ans, 22024’) 

[Hint : Hg =a X afty.] 


5. Find the minimum and maximum angles of deviation for a light ray 
Passing through a glass prism (41-5) with refracting angle of 60°, 

; (Ans. Dm=37°; Dmaz=580) 

6. The refractive index of the material ofa prism of refracting angle 45° is 


16. What should be the minimum angle of incidence of a ray on this prism so 
that no total internal reflection takes as the ray comes out of the prism ? 


(Ans. 10°) 

7. A ray of light enters into a prism at angle of 45° with the normal to one 
face. Calculate the angle at which it emerges from the other face. Angle of the 
ptism=60° and index of refraction of material of prism=1-55. (Ans, 57°12’) 


ir angle of incidence. Index of 
refraction of material of prism=1-53, (Ans. 40°49’) 
10. A prism of refracting angle 30° is made of material of index of refraction 
1-62 for sodium light. Find the Tange of the angle of emergence at which rays 
entering at one of the faces Containing this angle will emerge from the other. 


[Hint : See Ex, 5.) (Ans. from 0 to 5496’ towards the base and from 

zero to 13°13’ away from the base) 

11. A biprism (two thin prisms joined base to base) of acute angle 2°A is 
Placed at a distance 30 cm froma source. What is the distance between the 
images formed by the two-halvyes of the biprism ? (u of material of biprism 
=1:635) (Ans. 1-33 cm) 
12. Find the minimum value of the refracting angle of a Prism made of glass 

`| of refractive index } so that no rays incident On one of the faces containing this 
angle can emerge from the other. (Ans. 69942’) 


13. Show that if the refracting angle of a prism is less than critical angle, rays 
incident from the base side will bend towards the base when angle of incidence 
lies between zero and certain maximum, If the angle of the Prism be 30° and 
the index of refraction of the material of the prism be 1-62, what is this limiting 
angle of incidence ? : (Ans, 54°) 
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14. A prism of refracting angle 60° produces the minimum deviation of 37° 
inair, Find the minimum deviation produced by that prism in water (u=4$). 
(Ans. 8°20’) 


15. A ray of light is passing through a prism of refractive index y3, in such 
a way that the angle of incidence is twice the angle of emergence and the latter 
is equal to the angle of the prism. Prove that the angle of the prism is 60°. 

16. A given monochromatic light ray, initially in air strikes a 90° prism at aa 
angle 0, and is refracted to such an extent that it just grazes the right-hand prism 
surface after it emerges into air. Calculate the index of refraction, relative to 
air, of the prism for this wavelength in terms of the angle of incidence 6, which 
gives rise to this situation. Also calculate the upper bound for the index of 
refraction of the prism. (Ans. /1+sin?0,, v2) 

17. An equilateral prism (Į=1:5) is immersed in a liquid. What must be the 
maximum refractive index of the liquid so that a ray entering normally through 
one of the faces may be totally internally reflected ? 

[Hint : There will be no emergent ray if 60>C or sin 60> sin C: 

Now apg Sin C=ayr sin 909) 3 (Ans. 1:299) 

18. A ray of light enters into an equilateral glass prism in such a way that it 
falls on the adjacent face at critical angle and finally emerges from the third face. 
The total deviation of the ray is 108°. Calculate the refractive index -of the 
material of the prism. (Ans. 1:45) 

‘19. A parallel beam of light falls normally upon the first face of a prism of 
small angle, The portion of the beam which is refracted at second face is 
deviated through an angle 1935’ and the portion which is reflected at the second 
Surface and emerges again at the first surface makes angle of 8°9' with the 
incident beam. Calculate the angle of the prism and index of refraction of glass. 

$ (Ans. 2°29’ ; 1-64) 

20. Light from a source of monochromatic light is allowed to fall on the mat 
surface of a prism. On looking at either of the remaining faces through a teles-. 
cope set for parallel rays it is found that there is a distinct direction beyond 
which there is comparatively less illumination. Explain this. If this direction 
makes an angle a with the normal to the face then show that 


—$———— 


r 2 
rh sina-+-cos A 
"= / (seated), 


21. Three right-angled prisms of refractive indices pli, Ha and pu are placed ii 
Contact with their bases opposite. Ifa ray passes through the block of Prisms 
80 formed without being deviated, show that y1.2-+Hs*—Ha—!+ 

(Hint : Consider successive deviations at the four surfaces making use 0 
formula p+r’ =A. 


The condition for no deviation, ii’ =90°.] 


f the 


oo00 


CHAPTER 3 


COMBINATION OF THIN LENSES AND MIRRORS 


1. Combination of lenses (a) In contact : 


When two thin lenses of focal lengths f, and fa are placed in 
contact, the focal length of the combination is given by 
LA ne isthe 
r ~r T= (in all conventions 
F A ( ) 


fi 
(b) Separated by a distance : 
When two thin lenses of focal lengths f, and f, are placed 


Co-axially x distance apart, the focal length of combination is 
given by Ý 


BR Tea JAR 
Er poo or F- Lath LAIR x. 
F E Fh or A where A fith—x. 


(in co-ordinate convention and new convention) 
Note : Remember that focal lengths of convergent lenses are 


ve and that of divergent lenses =ve in co-ordinate convention 
and new conyention, 


2. Power of a lens : Power of a lens is the reciprocal of its focal 
length in metre. 


P (power of a lens) = > dioptre (D). (co-ordinate convention and 


new convention) 


3. Principal planes : 


Let a ray SA 
parallel to the 
principal axis of 
a System of lenses 
(here only two) 
emerge along BF; 
after refraction 
through two lens 
system. Let the 
Fig. 3-1 incident ray SA 
and emergent ray 
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BF, meet at Ha A plane HP, perpendicular to the principal axis- 
is called second principal plane, P, second principal point and F, 
second principal focus. The second principal plane is in front of 
(front means on the side of object) of second lens by a distance f 


iven b ef 
given by B af 


Suppose that in the object space Fy is such a point of the 
principal axis that the rays diverging from it emerge parallel to. the 
principal axis after refraction through the lens system. Such a point: 
is called first principal focus, Let the incident ray F,4; meet the 
emergent ray B,S, at Hı: Imagine a plane H,P; through Hi perpendi- 
cular to the principal axis. This pane is called the first principal 
plane and P, is called the first principal point. The first principal’ 
plane is behind the first lens at a distance a given by 


a) i 
OF le 


Use of principal planes : If the object distance is considered from 
the first principal plane and image distance from second principal 


plane, then we can use thin lens formula namely 1-1-4 for a 
lens system as well. If U = object distance from first principal plane,. 


re ae 


V=image distance from second principal plane, then z- UF 


holds good for a lens system. 
EXAMPLES 


Ex. 1. Two thin convex lenses of focal lengths 20x 10-8 m and’ 
5x 10-2 m are placed coaxially at 10x 10-2 m apart. Calculate the 
Power of such a combination. 

Sol, Coordinate convention : We have for two lenses separated by’ 
a distance 


11) tee 

F fh ae 
4 Ge einen Lo T 
FGA 05), DG? 
P (power) = = +15 D. Ant 
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New convention : We have for two lenses Separated by a distance 


P (power) = 4 =15 D. Ans, 


Ex. 2. A convex lens and a concave lens each of focal length 
“L meach are held ¢o-axially “03 m apart. Find the position of the 


Gun if an object is placed ata distance +15 m in front of convex 
ens. 


i Sol. Co-ordinate convention : Applying lens formula to the first 
ens, 
1 1 1 


vs ap. or y'= -+.-30 m., 


object’ for the concave lens. Distance of T'=:30—-03=:27 m. The 


The negative sign 
shows that the final 
image is formed at a 
distance 16 cm from the 
Concave lens on the side 
of the object. Ans. 

New ` convention 
Applying lens formula to 
Fig, 3-2 the first lens, 

1 1 


Or v’=++30 m. 


—_—_—_— 


- m cena 
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intercepted by the concave lens. So J" serves as ‘virtual object’ for 
the concave lens. Distance of I’ =*30~*03.=«"27 m. 

1 1 1s h 
>t =a S or ve —"l6m. 
The negative sign shows that the image is virtual and is at a 
distance 16 cm from the concave lens on the side of the object. Ans. 


Ex. 3. Two plano concave lenses of glass of refractive index 1'5 
have radii of curvature of 20.cm and 30cm respectively. They are 
placed in contact with curved faces towards each other and the space 
between them is filled with a liquid of refractive index 1°33. What is 
the focal length of the combination ? 


Sol. We may think as if there are three lenses of focal lengths /, 
(of glass), fa (of liquid) and fẹ (of glass) in contact. 
Coordinate convention: 


gaso (t-40) or fı=—40 cm. 

jts- D- p) 0r f= +3636 om. 

Zs) (=n-3) or f= —60 om. 
From rh RNN" 

F= “pte tre or F= -706 cm, Ans. 
New convention: ~~ — i 

}=0s-1) (t+ or fi=—40 om. 

+ =(1:33- D(t zs) or f.=3636 ém. 


bo adi, a i EA 
Sak 5-1) (35+4) or Ts + 60 cm. 


From poet 


i qi ba 1 1 Sut a 
Mi Fae M A wey AE ER i) AB 
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Ex, 4, Two convex lenses each of focal length 20 cm are placed 
15 cm apart. An image of a flagstaff 20:m distant and 1 m high is 
_formed by the combination. Find the position.and size of the image. 
Sol. Coordinate convention : te ty or y'=-+"202.m. 
The plus sign shows that the image P’ is formed on the other 
side of the lens. But before the rays can converge to P’, they are 
intercepted by the second lens. So P’ serves as the virtual object 
for the second lens. The object distance is + ve because F’ lies on 
the positive side of the second lens. 


1 TL ave ot ZEME 
E E ea. or v= +0413 m. 
; ificati duced b ZPO" "202, 
m, (magnification produced by the first lens) PO ~ —20° 
. P"O" _ 0413, 
m À j second T =— >; 
2 ( > n ) PQ “052 
l ę EO; POr PO 
total fi = 2 = ee 
am (to : magnification) PO Po PO 
_ 0413 022, 
= -02 * 307 008 
cit P"Q"=—'008 x 1 m=—-008 m or —'8 cm. 
Thus the image is at a distance ‘0413 m on the other side of the 
second lens and it is ‘8 cm high. Ans. 
; AN. 1 
Ni Lee E are fo te 
ew convention : y +59 rm) or y’=+'202 m, 


____ The plus sign shows that the image is real and it ison the other 
side (i.e. R-side) of the lens, But before the rays can converge to P’, 
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they are intercepted by the second lens. So P’ serves as the virtual 
object for the second lens. 


stots = a or v= +0413. 
mı (magnification La se by the diet lens) = ae 
Me ( E e. second lens) = Fy aa | 
m (total magnification produced) = 50 =o" xe 
2 aes —-008. 


P’Q”=—"008X 1m =—*008 m or —"8 cm. 
Thus the final image is real and it is on the other side (i.e. R-side) 
of the second lens at a distance ‘0413 m and it is‘8 cm high. Ans. 


Ex. 5. A concave lens is placed at a distance of 25 cm in front of 
a concave mirror of focal length 20 cm and it is found that a pin 
placed 10 cm in front of the lens coincides with its own image. Find 
the focal length of the lens. 


Sol. Obviously there will be bending of rays three times before 
final ‘image is formed, Here in this special case when final image 
and object coincide, second bending is zero, The ray AB must be 
normal on the mirror i.e. AB being produced must pass through 


Fig. 3-4 


centre of curvature C of the mirror. Clearly from the figure P and 
C are respectively object and image for lens. 
LC=MC—ML=40—25=15 cm; PL=70 cm. 
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Coordinate convention : eee DF or f=— 191 cm. Ans, 
New convention : AS Sgt dl ly or f=—19'1 cm. Ans, 
—15°70 ff’ i 


Ex. 6. A thin concave lens of focal length 15 cm and a thin convex 
lens of focal length 20 cm are placed co-axially at 10 cm apart. 
Calculate the focal length of the combination. If the space between 
them is filled with a liquid of index of refraction 1°58, calculate the 
new focal length of the combination. 


Sol. Coordinate conyention : We have, in general, 


es NS 10 
F —15 20 (=15)(4-20) 


When the space is filled with a liquid : 10 cm of the liquid is 


; or F= +60 cm. Ans, 


peer to ae = 6°33 cm of air so far focal length of the. equiva- 
lent lens is concerned. 

eke gee 6 33 

F =' (= 15-20) or F= +2257 cm, Ans.. 

New convention: We have, in general, L= 14 1-_* . 
FRITA 
1 1 i 
=—ata ; = or F=+60 cm. Ans. 


Pee SSO (=15)(+20) 
When the space is filled with a liquid: 10 cm of the liquid is 


equivalent to A =6'33 cm of air so far focal length of the equiva- 
lent lens is concerned. 
Om crs pa thon © 


FTB D CIO 

Ex. 7. A convex lens of focal length 20.cm is placed in front of a 
conyex mirror of focal length 15 cm at a distance.5 cm. An object of 
length 2 cm is placed perpendicular to the common axis at a distanc e 
10 cm from the lens. -F ind the final position and size of the image. 


or F=++-225'7 cm. Ans. 
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Sol. Coordinate convention : Applying lens formula to the lens, 


cas balk 
v —10 +20 


or y'= —20 cm. 


Fig. 3-6 


‘The negative sign shows that the image P’ is on the side of the 
object. P’ serves as the object for the mirror, Applying mirror 


PERE SUT eA tebe 75 
fi la ( —-—=—),, — 4+ ——_ We Ae ai 
ormula (4-4 7) FE Te y tg cm. 

The plus sign shows that the image P” .is on the other side of the 
mirror. It serves as the object for the lens (second time) with 
reversal of the direction of rays and so with reversal of the frame. of 
reference as well (—ve rightward and +-ve leftward). 


FS eS 
LP ag ike meat heer 
1 LERO m __ 460 sj 
an ais =q on vw = T 51'1 cm. 
maar a a PO ee E 
Magnification : m= Po io m, PO 25T 8° 


thon TEDE MOIE O EO 
Total magnification = PO PO” POL PO 


ap as CONE 
pia TS. 


Size of image= $ x2 em=5°33 cm. 


Thus the image is at a distance 51*1 cm from the lens on the 
other side and it is 5'33 cm high. Ans, 
N. E. PHY.-21 
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New convention : Applying lens-formula to the lens. 


< or vy’ =—20 cm. 


. The negative sign shows that the image is virtual and is on the 
side of the object (i.e: V-side) (Fig. 3-6). P’ serves as the object for 


the mirror. Applying mirror formula +41-F), 


eS oe Re D a ae 
FT = ea Ger: 5 cm. 

The negative sign shows that the image P” is virtual and is on 
the other side (V-side) of the mirror. P” serves as the object for the 
lens (second time) with reversal of the direction of rays. Now right 
hand side is the R-side and left hand side of the lens is V-side, 


ig ATOL 115 
Ps ee ar Dial 
P 3 +5 gy om 


PAGE, è 
4 EET) or y e OL o 


Total EN EONS oO” “ple Q” PrO: oe oO’ 


PO eo” PO 
= 22y 3 2 8 
Ror hice acy 
Size of the image = + x2 cm= 5°33 cm. 
i Thus the image is at a distance 51°] cm from the lens on the other 
side and it is 5-33 cm high. Ans. 


Ex. 8. A convex lens of focal length 20 cm is placed in front of 
convex mirror of focal length 15 cm at a distance 5 cm. An object of 
length 2 cm is placed perpendicular to the common axis at a’ distance 

25 cm from the lens. Find the position of the image and its size. 
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Sol. Coordinate convention : Applying lens formula to the lens, 


ae 


BETA or v'=+100 cm. 


Fig. 3-7: 


The plus sign shows that the image P’ is on the other side of the 
lens. But before the rays can converge to P’ (Fig. 3-7), they are 
intercepted by the mirror. So P" serves as the virtual object for the 
mirror. MP’= 100— 5=95 cm. 


A i i i phe 
l A E E 
pplying mirror formula ( z ue - 7) 


a E ae 
TE FS 
The plus sign shows that the image P”Q” is on the side P’Q’. 
P” Q” serves as the object for the lens (second time) with reversal of 
the direction of the rays and so with reversal of the frame of refe- 
rence as well (— ve rightward and +-ve leftward). 
LP? =178+5= =22" Siom 


or- v" = -+178 cm. 


1 1 nle he 

cis ab pei eer at ae 162° 9 
Se oe aa 
Magnification 


PMO POW, cy Baldy x oD 1629 178 a100 53s 
PQ PHO": tinaPh Qiri BO: EAAS cs 195: T 
Size of the image=5°35 x2 cm= 10°7 cm. 
Thus the image is real and at a distance 162°9 cm from the lens 
in front of it and it is 10°7 cm high. Ans. 
New convention : Applying lens fòrmula to the lens, 
d flet t= +100 cm. 
Oren 350 or v=+ 


The plus sign shows that the image is real and it ison the other 
side (R-side) of the lens. But before the rays can converge to P’ 
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(Fig. 3,7), they are intercepted by the mirror. So P’ serves as the 
virtual object for the mirror. MP’ =100—5=95 cm. 


s 3 ton ISa 
rh EET SES 
Applying mirror formula = tis =) 


1 1 1 
ee See e= —17°8 cm. 
yt x95 15 or y 17°8 cm 
The negative sign shows that the image PỌ” is on the side of 
P'Q' (V—side of the mirror). P’Q" serves as the object for the 
lens (second time) with reversal of the direction of rays. 
LP” =17:8-+-5=22°8 cm. 
PREE l PST A 
ger a == or y"’=+162'9 cm. 
9 i INPRO AP" ig" P’Q" PO! 
Magnification = Po PO xPO Xo 
_ 1629 1178 1 100 _ 
"el es VS 
Size of the image=5-35 x2 cm=10°7 cm. 
Thus the image is real and at a distance 162°9 cm from the lens 
in front of it and it is 10-7 cm high. Ans. 


5:35. 


EXERCISES 
(A) 


1. Two lenses are placed in contact and the combination is found to have 
+2D. The power of one of the lenses is -+-3D. What is the nature and power 
of the second lens ? j 

(Ans. power=—1D; the minus sign shows that it is concave) 

2. A convex lens of focal length 30 cm is placed 20 cm away from a concave 
Jens of focal length 10 cm. An object is placed 60 cm distant from the convex 
lens (which is nearer to it) and on the common axis of the system. ` Determine 
the Position, magnification and size of the image. 

(Ans. image is virtual at a distance of 13-3 cm from the concave lens; 
k magnification=} ) 

3. Two convex lenses each of -2 m focal length are placed ‘05 m apart. An 
image of a flagstaff 200 m distant and '10 m high is formed by the combination. 
Find the position and size of the image. 

(Ans, “0858 m from the 2nd lens; the image is real, inverted and 
“57x 10-2 m high) 

4. A telephoto lens consists of a convergent lens of focal length ‘12 m facing 

the object and a divergent lens of focal length 05 m placed -08 m behind the 
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former. Find the position where the plate to be placed to photograph a distant 
object. (Ans. -2 m to the right of the 2nd lens) 

5. Two equiconvex thin lenses, having radii -04 m and refractive index 1-5 
are placed in air ‘02 m apart and the space between them is filled with water of 
refractive index $. Calculate the focal length of the combination. 


(Hint : x metre of water is equivalent to = metre of air so far the focal 


length of the combinatioa is concerned.) (Ans. 0246 m, convergent) 

é. Two convex lenses of focal lengths f, and f, are placed co-axially ata 
certain distance apart. What should be the distance between the lenses so that 
the combination may be telescopic ? 


Hint : ination i infinite, 
(Hint : Focal length of the combination is to be ro DOEA 


7. A. convex lens- of focal length 10 cm is placed in front of a plane mirror 
ata distance 5cm. An object is placed 5 cm in front of the convex lens, Find 
the position and nature. of the image. Draw Path of rays showing formation 
of intermediate images. (Ans. image is real, 20 cm in front of the convex lens), 

8. A convex lens of focal length 10 cm is placed in front of a concave mirror 
of focal length 10 cm at a distance 5cm. A Pin is Placed 15 cm in front of the 
convex lens. Find the position and nature of the image formed. 

s (Ans. 1:763 cm in front of the lens; real) 

9. A convex lens of focal length 20 cm is placed 12 cm in front of a convex 
mirror. It is found that when a pin is placed at a distance 30 cm in front of the 
lens it coincides with its own inyericd image forn ed by the lens and mirror; find 
the focal length of the mirror. : 

(Hint : Ex. 5} (Ans. 24 cm) 
10. A thin convergent lens of focal length f=25 cm projects the image of an 
object on a screen at a distance D=5 m from the lens. Then the screen was 
drawn closer by distance D=18 cm. By what distance should the object be 
shifted for its image to become sharp again ? (Ans, 0°5 mm) 
11. A convex lens of focal length 25 cm is placed in front of a convex mirror 
atja distance of 15 cm from it. It is found that when a pin is placed 45 cm in 
front of the lens, it coincides with its own inverted image formed by the lens 
and the mirror. Find the focal length of the mirror. (Ans. 20:63.cm) 
12. A convex lens of focal length 10 cmis placed in front of a convex mirror 
ata distance 5 cm'from it. An object is placed at a distance 15 cm in front of 
the convex lens, Find the position of the image formed by the convex lens and 
the mirror. Trace the path of rays. (radius of curvature of the mirror=15 cm.) 
(Ans. real; 27:5 cm in front of the convex lens) 

13. A convex lens, of focal length 15 cm is placed in front of a Plane mirror 
atadistance 8 cm. An object is placed at a distance 8 cm in front of the lens. 
Calculate position of the image formed by the lens and mirror. Trace the path 
of rays. (Ans. real; 27-4 cm in front of the convex lens) 


(B) 
14. A concave mirror of focal length 30 cm is at a distance of 16 cm from a 
concave lens of focal length 10 cm. Find the position of the image of a distant 
object seen through the lens after reflection from the mirror. 
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[Hint : First consider reflection at the mirror and then refraction through 
lens. } ` ` (Ans. 35 cm from the lens, virtual) 
15. Two convex lenses of focal lengths -10 m and ‘15 m are separated by a 
distance ‘02 m. An object is placed at a distance -12 m upon a common axis in 
front of the first lens. Calculate the position of the final image and of two 
Principal planes. (Ans, +119 m beyond ‘15 m focal length lens; 

a=*9 x 10-* m and B= 1-3 x 10-7? m) 

16. Two plano-convex lenses of focal lengths *06 m each are fitted co-axially 
in a tube at a distance 04 m from each other. Find the Principal planes of the 
combination and find the position of the image of a distant object formed by the 
combination. 


(Ans, first principal plane ‘03 m behind first lens and second principal 

plane ‘03 m in front of second lens, image of distant object is 

formed at a distance ‘015 m behind second lens) 

17. Rays of light from a luminous object are brought to a focus at a point A. 

A convex lens of focal length 12 cm is then placed 12cm from A, so as to 

intercept the rays before they meet at A. If they now meet at B, find the distance 

AB. Where else could the lens be placed so that after pass ing through it the 
rays might appear to diverge from B ? 


(Ans. AB=6 cm; 6 cm from A on the other side) 
18. A concaye mirror and a convex mirror are Placed face to face at a distance 
20 cm apart. An object is placed between the mirrors at a distance 4 cm from 
the convex mirror. Where is the image formed after reflection of light first 
at the convex mirror and then at the concave mirror (focal length of 
either mirror=15 cm). Trace the path of rays showing the formation of the 
final image. (Ans. 42°6 cm in front of the concave mirror) 
19. A source of light is located at 60 cm from a convergent lens of focal length 
30cm. At what distance from the lens should a plane mirror be placed so that 
the rays reflected from the mirror are Parallel after passing through the lens for 
the second time ? (Ans. 45cm) 
20. A parallel beam of rays is incident ona convergent lens with a focal 
length of 40 cm.’ Where should a divergent Jens with focal length of 15 cm be 
Placed for the bean) of rays to remain parallel after passing through the two 
lenses ? (Ans. 25 cm from the convergent lens and the focii of both Jenses 
£ must coincide.) 
21. A concave mirror of diameter 6 cm and radius of curvature 5 cm is 
completely covered by black Paper except a thin stripat the edge. At what 
distance from the pole of the mirror a parallel beam of rays is concentrated ? 
(Ans. 1'86 cm) 
22. An object is placed 21. cm in front of a concave mirror of radius of 
curvature 10 cm. A glass slab of thickness 3 cm and refractive index 1°5 is 
Placed at a distance’ 1 cm from the mirror, Find the final position of the image 
formed. (UT 1980) 


(Ans, 72 cm in front of the mirror) 


Ooo 


CHAPTER.4 
DISPERSION 


1. Dispersion and Dispersive power : When a ray of composite 
light is passed through a prism, it is split into its component colours 
by the particular action of the prism that it always turns a ray to- 
wards its base by an angle called angle of deviation depending on the 
colour of light. This phenomenon of breaking up of composite light 
into its component colours is known as Dispersion. Dispersion bet- 
ween any two colours is measured by the separation between these 
two colours. 

The angular separation bet- 
ween the two colours, say, red 
and violet is called angular dis- ` 
persion and the linear separa- 
tion between them is called 
linear dispersion. Ordinarily, 
by dispersion we will mean 
angular dispersion. 


Dispersion between red ° 

and violet =Dy—Dy. It is. | Fig. 4-1 
(Dy—D,) because violet deviates more than red. 

It is a fact that dispersion between any two colours is propor- 

tional to their mean deviation. 
: Dy+ 

Therefore; D= DrD: where pie Pok Pr, 

or D,—D,;=D where ois a constant of the material of the 
prism and is called its Dispersive power. 


ja ou( 272) jos ab RARAN 


Definition : Put D=1 then =D y—Dy. Thus dispersive power 
may be defined as the dispersion per unit mean deviation. 
2. Dispersive Power in terms of index of refraction : 
In a thin prism, D=(u— DA. 
ne Dy=(to— 1)4, Dr= (ur — 1)A. 
Dy — De = (w — r) A j 


328 NUMERICAL EXAMPLES IN PHYSICS 


and o= 


Ds- D; = Gentes (re-he R V). 
D (u—1)A -1 
3. Deviation without dispersion and Dispersion without deviation : 
Two thin prisms of different materials may be combined to give 
deviation without dispersion or dispersion without deviation. 
Suppose that two thin prisms of angles A and A’ are placed in 
contact and they are of materials of dispersive powers œ and o’ 
respectively. Then net deviation produced by them 
=D-+-D'=(u-1)A+(’-1)4, 
net dispersion produced by them=(Dy—D,)-+(Dy' — Dy’) 
= (He— Hr) A+-(hy’ — He’) A’. 


For no dispersion we must have 
(Hy = Hy) A +(e’ — Hy’) A’ =0 
or "ter A = — (to! — Hy’) A’. 
The minus sign shows that the two prisms must be placed with 
their bases opposite to each other. 


Now, net deviation=(u— A+ -0(- ao Ja 
=(u—1)4 fial, au 
u—1 


Hy’ — Br 
=A (1-2). 


Since materials are different o#o’ and, therefore, deviation is 
essentially there. 
For no deviation we must have 
(w-1)4A+('—-1)4'=0 or (u-1)=-—(—1)4". 
Again the minus sign shows that the prisms must be placed with 
their bases opposite to each other. 


` Now net dispersion = (jy—pr)A +-(uo’ — uy’) ( — r H Ja 


=(u—1)A (Gee = Wy — Ur’ 
u—1 re 


=(u—1)A(o—0’). 
Here also since 4’, dispersion is essentially there. 


N 
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EXAMPLES 


Ex. 1. The refractive indices of crown glass for blue and red light 
are 1°523 and 1:513 respectively and for dense flint glass they are 
1:773 and 1:743 respectively. Calculate the-dispersive power of the 
materials. What must be the angle of a flint glass prism which may 
be combined with a crown glass prism of angle 5° so that the combi- ° 
nation produces dispersion without deviation ? What dispersion does 
the combination produce ? i 


Sol.. Dispersive Power=!e =H A 
For crown, glass, p= beth = pa =1°518. 
-i p 11523-1513 _ °01 _.9193 ce 
a of crown glass= E PERAN é 


For flint glass, uo EE = 1s. 


1713—1743 03.32.9396. Ans. 


o of flint glass= — 758-1 755 


Condition for no deviation 
(u—-)A=-W'— DA" 
(1°518—1)5°= (1758 A’ 


a ' (a SISK SE ELFA Ans. 
f re T 


The minus sign shows.that 4 and At should be opposite. 

4 Ai = 3°42". 

Net dispersion produced = (w~ ur)A = (ue! ~ur) A’ 
© (4523 — 1°513)5— (1°773 — 1°743)3°42" 
Ly. 


Thus net dispersion is 3’ opposite to that produced by crown 
Ans. 


glass prism. 
and deviation (mean) produced by 
the position of minimum deviation with 
Also calculate 


Ex. 2. Calculate dispersion 
a flint glass prism placed in 
respect to the mean colour. Angle of the prism=60°. 
dispersive power of the material of the prism. 
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culate dispersion produced and angle of flint glass prism required for producing 
no deviation. (Ans. 12’ 26”; 5°16’) 

6. A prism of 60° angle is made of glass of which the refractive index is 1-50 
for red tay and 1°56 for violet ray. Find the angular separation of these rays 
when a narrow pencil is incident at minimum deviation. 


[ rr: ua thee ] ; (Ans, 5°22") 


7. A direct vision Spectroscope is made of two crown glass prisms each of 
angle 5° and two flint glass prisms. The dispersive ‘Powers of crown and flint 
glasses are -03 and ‘06 respectively and mean indices of refraction are 1-500 and 
1-600 respectively. Calculate the dispersion produced by the compound prism. 
What is the advantage of using two of each ? 

(Ans. 9’ towards the base of fiint glass) 


O00 


CHAPTER 5 
CHROMATIC ABERRATION OF LENSES 


1. Chromatic Aberration : A lens may be supposed to be made up 
of large number of prisms of gradually increasing angle from the axis 
to the periphery in 
case of convex lens 
but in case of con- 
cave lens bases of the 
prisms are turned 
away from the axis 
of the lens. So if a 
ray coming from a 
distant point object 
is passed through a Fig. 5-1 
lens it will be split 
up into its component colours by the prism action of the lens. This 
results in the formation of a large number of coloured images over- 
lapping one another. Thus an ill-defined coloured image is formed. 
This colour defect in the image formation by alens is called chro- 
matic aberration and is measured by the separation of the images of 
extreme colours (red and violet). 


Chromatic aberration =VR=OR-OV=fr -fo et 0: 


For a lens we have 


ma soa 
jolt 
ppa 

By — Hr 
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But a =a, dispersive power of the material of lens. 
ER 


TIRS ohh. ; 
fr So=f* because fy and fy are very close to each other. 
Sr-h=of. 
Chromatic aberration in a single lens=of BERAC 


2. Achromatism of Lenses: (i) Lenses in contact : When two 
lenses of focal lengths f and f’ of dispersive powers œ and œ’ are 
placed in contact, the condition for achromatism, i.e., for no colour 
defect is 


w o’ 

ETE 

PESE 

(ii) Lenses separated by a distance: When the same lenses are 
Separated by a distance x, the condition in general is 


=0 ; OG 


E Lyi + IF ~(o+ o')=0. (in co-ordinate and new conventi7e) 


When the lenses are of the same tendi; the condition. is 
` £+f'—2x=0. (in co-ordinate and new convention) 


EXAMPLES 


Ex. 1. The focal lengths of a thin convex lens are 1 m and ‘968 m 
for red and blue rays respectively. Calculate the chromatic aberration 
and dispersive power of the material of the lens. 


Sol. Chromatic aberration=/,—f,=1 m—‘968 m="032 m. Ans. 


We have, ox ta fr zo lee _ %32 ='0325. Ans. 


Viel VIX 98 


Ex. 2. An achromatic converging combination of focal length 
_ 60 m is formed with convex lens of crown glass and a concave lens of 
flint glass placed in contact with each other. Calcylate their focal 


lengths, if AIS pensive power of crown glass is ‘03 and that of flint glass 
is (05; 


- Sol. We have for a conb Akna of EA in contact, 
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and condition for achromatism, 
o o 
zr pe ei, 
Fp 
Coordinate convention : Sincethe focal length of a converging 
lens is +ve and that of a divergent lens —ve, we have 


1 1 1 03. 705 
60 ss% TRA and Ei da =) 
Solving, we get f= ‘24m and f’ = *40 m. Ans. 
New convention : Since the focal length of a converging lens is 
-ve and that of divergent lens —ve, we have 


1 1 1 AERLE 
Ss and —+—-=0. 
760 of E Lind at 
Solving, we get f= °24 m and f” ="40 m. Ans. 


Ex. 3. Itis required to form a converging achromatic system of 
focal length 30 m consisting of two lenses made of the same material. 
If one of the lenses be convex of focal length ‘20 m, find (a) the focal 
length of the other lens, and also (b) the distance between the lenses. 

Sol. Coordinate convention : Since the focal length of a converging 
lens is --ve and that of diverging lens is — ve, we have 

facil 


1 x qes ¢ 7 

By ie F 5 IF aiie C) 

and 242x20 or 2x=-2+f" FEK, 

Solving (i) and (ii) for f’ and x we have,.f’=-+76.m. and x="4 m. 

Thus the other lens is convergent and is of focal length "6m at a 
distance *4 m from the first lens. Ans. 

New. convention ; Since the focal length of a converging lens is 
-hve and that.of diverging lens. —ve, we have 


Masini ar D i dat 
Sec aa ie a 
and ‘24 f'—2x=0 or I= RES ia geil): 


Solving (i) and (ii) for f/-and x, we have f/=+"6mand x="4m. 
Thus the other lens is convergent and is of focal length °6 m at 
a distance ‘4 m from the first lens. Ans. 


Ex. 4. A camera lens (f='20'm) is made of two. components, one 
of crown glass (dispersive power *02) and the other of flint glass 
(dispersive power ‘04). Find the focal length of the component lenses. 
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Sol. A camera lens is essentially convergent, 


A ; 1 1 1 
Co-ordinate convention : We have —=—++ Fr 
; SEW S. 
02 , 704 
and sana ibn A 
fret iif 


(Note here that we do not put plus or minus sign before f and f’ 
as their nature is not given.) 

Solving for f and f’, we have f= +'1 m and f' = —'2m. 

Thus the crown glass component is to be a conyergent one of 
focal length *1 m and the flint glass component is to be divergent of 


focal length *2 m. Ans. 
: 1 KS 1 02 , 704 : 
New convention : We have —_~ =+- and ——-+—- =0. 
TR Bek edi Fa f 
Solving we have f=+'1 m and f'=—'2 m. Ans. 
EXERCISES 
(A) 


1. The focal lengths of a thin convergent lens are -5 m and “484 m for red 
and. blue rays respectively. Find the chromatic aberration and dispersive power 
of the lens. ` (Ans. -016 m; ‘0325) 

2. The focal lengths of a thin convergent lens are -20 m and ‘21 m for violet 
and red lights respectively. An object is placed at a distance of 15 m. Calculate 
the chromatic aberration in the image. (Ans. *075 m) 

3. An achromatic: telescope objective of 1'5 m focal length consists of two 
thin lenses in contact of dispersive powers ‘050 and :075 respectively. Find the 
focal length of each lens. ‘ } 

(Ans. convex lens of dispersive power -050 is to be of focal length ‘5 m and 

concave lens of dispersive power ‘075 is to be of focal length *75 m) 

4. Show that in order to obtain a converging achromatic combination the 


dispersive power of the material of the concave lens must be greater than that of 
the material of the conyex lens, 


5. Two convex lenses of same material and powers +10 D and -++12°5 D are 


available. How'will you arrange them to obtain an achromatic combination and 
what will be the power of the combination ? 


(Ans. arrange them co-axially at <09 m apart; +-11:25 D) 

- 6. Calculate the focal lengths of a convex lens of crown glass of dispersive 

power ‘012 and concave lens of dispersive power ‘020 so that they form when 
placed in contact an achromatic converging combination of focal length ‘3 m. 

(Ans. convex='12 m, concave='2 m) 
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@®) 


7. An achromatic objective of focal length 1:5 m is to be constructed of 
crown glass convex lens (p= 1:51; @="21) and of flint glass concave lens 
(u=1'65: w=45). One face of the component lenses is in complete contact 
with each other, and the other face of the concave lens is plane. Calculate the 
curvature of the surfaces. 

(Ans. radius of curvature of common surface=1'11 m; radius of curvature 

of the other surface of convex lens="644 m) 

8. An achromatic object is to be made with a thin crown glass bi-convex 
lens and a thin flint glass equi-concave lens. Calculate the focal length of the 
achromat. : s 

For crown glass: pr=1-480, uo=1* 500. 

For flint glass : pr=1°610, ftv =1°670. 

Radius of curvature of concave lens=*3 m. (Ans. "18 m, convergent) 

9. Show that the power of the achromatic combination of two convex lenses 
of the same material is equal to the mean power of the lenses. 


10. Show that in the achromatic combination of two thin lenses of same 
material and nature the first principal plane lies at the first principal focus of the 
first lens and the second principal plane at the second Principal focus of the 


second lens. 


om0 
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CHAPTER 6 


OPTICAL INSTRUMENTS : DEFECT OF VISION: 
VELOCITY OF LIGHT 


1. Microscope : (i) Simple microscope: A single convex lens can 
serve aS a microscope when it is called a simple microscope. The 
magnifying power of a simple microscope is defined and given by 


Angle subtended -by the image at the eye 
Angle subtended by the object at the eye 
from least distance of distinct vision 


M, Magnifying power = 


or u=(1+2) where D=least distance of dis- 

f tinct vision. 

(ii) Compound microscope : A compound microscope consists of 

an achromatic doubl t placed in front of the object to be seen and is 

called the objective and an eye-piece placed behind the objective. The 
magnifying power of a compound microscope is given by 


M, Magnifying power (or Magnification) = (2 F \(1+2 ) 
STALO 


where f, = focal length of the objective, fe=focal length of the eye- 
piece and u,= distance of the object from the objective. 
Tube length of a microscope = (vp +-ue). 


2. Telescopes : A telescope consists of an achromatic doublet of 
large focal length and large aperture and an eye-piece placed 
behind it. 


When the object is at infinity the magnifying power of a telescope 
set for distinct vision is given by 


M- f+ £) and that for normal vision, M = A, 


When object is not at infinity but at finite but large O 
M, Magnifying power (Magnification) =e, 
3 r 


Tube length of a telescope =vo+ue in general 
=fo-+fe in normal adjustment. 
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3, Ramsden’s eye-piece and Huygen’s eye-piece : An eye-piece 
an ocular consists of two lenses instead of one because in a single 
lens image suffers from various defects such as chromatic aberration, 
spherical aberration, astigmatism etc. When two lenses are used all 
these defects -are reduced. The other reason for using two lenses 
instead of one is that in a single lens the rays passing through the 
outer portions of the lens do not fall on the eye. Consequently the 
intensity of the image falls and the field of view is limited. This is 
why one lens of smaller aperture so as to cover the entire pupil of 
the eye is placed close to the eye called eye-lens and another of large 
aperture, called the field lens is placed between the objective and the 
eye-lens. ars 


Ramsden’s eye-piece consists of two plano-convex lenses of the 
same material and same focal length and fitted in a brass tube at a 
distance two-third of either focal length from each other. The curved 
surfaces face each other. s 


Huygen’s eye-piece consists of two plano-convex lenses of focal 
lengths in the ratio 1: 3 separated from each other by a distance 
equal to their mean focal length. The curved surfaces are turned 
towards the objective. The lens of greater focal length is the field 
lens and the smaller one is the eye-lens. f : 


How to tackle problems on eye-pieces : (i) As eye-pieces are combi- 
nation of two lenses separated by a certain distance, the problems 
on them are to be solved by treating them as combination of lenses. 
Hence try to recall all the formulae and principle of ‘combination 
lenses separated by a distance’. 


In co-ordinate and new convention : 
peal! x fih fa Bike 
FRR Efi or F 7 where A=fit+so—*- 

(ii) The first principal plane is at a distance a from the first lens 
towards the second lens and the second principal plane is at.a dis- 
tance B from the second lens towards the first lens. These distances 
are given by (in all conventions) 


ani and p=4 Se 


itt aed 
(iii) sae Fi 
plane, V =image distance from the second principal plane. 


=F where U=object distance from the principal 
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(iv) Magnifying power for distinct vision =(1 +F) 


(v) Magnifying power for normal vision = > where D is the least 


distance of distinct vision. 


(vi) Condition for minimum spherical aberration is : 
Distance between lenses = difference of focal lengths of lenses 
_ (convex). 
(vii) Condition for minimum chromatic aberration : 
Distance between lenses =mean of the focal lengths of lenses 
(convex). 


4. Defects of vision : (i) Short sight : Suppose a man can see only 
up to distance D. 


Coordinate convention : 1- ae + eas 
When rectified for infinity by using an auxiliary lens of focal 
length f, we have i-i =F ats ae Cy 
‘Subtracting, we have f=—-D. 
_The minus sign shows that ee required is concave. 
j 1 i 
New convention : i). 
Ayk Df ( 
When rectified for aah by using an:auxiliary lens of focal 
Labrie ido i LAN Sa Pe 
1 was oh ee et = E 
ength f, we have = op 7 TF (ii) 
Subtracting, we have f=—-D. 


The negative sign shows that the lens required is concave. 
(ii) Long sight : Suppose a man cannot see up to distance D. 
A 1 1 1 F 
Coordinate convention: ——‘* = +. a $ 
oordi Sei (i) 
Suppose we have to rectify it for normal least distance of distinct 
a namely, 25cm. Then. 


= ase ttt oe 


OPTICAL INSTRUMENTS : DEFECT OF VISION : VELOCITY OF LIGHT 341 
25D 
D=25* 


Since D>25 cm, f is positive. This means the lens required is 
convex. 


Subtracting, we have f= 


New convention : 44 2 = RA (i). 
Suppose f is the focal length of the rectifying glass. Then 
RENN Ot an. ii 
sty T " +> (ii). 
: 25D 
S ep ites 
ubtracting, we have f= 555 


Since D >25 cm, fis positive. This means the lens required is 
convex. 


5. Velocity of light : (i) Fizeav’s method : c= where m 


4 mn; D 
2s—1 
is the number of teeth, y=number of revolutions per second for sth 
eclipse and D=distance between wheel and the distant concave 

mirror. (See author’s Introductory Physics Part II.) 


R 


(ii) Foucault’s method: aog CLs where ^9 is the angle of 


2R 


rotation of the mirror, b=distance between the lens and the rotating 
mirror, a=distance between the lens and the source, R=radius of 
curvature of the concave mirror and x=shift of the image. (See 
author’s Introductory Physics Part IL.) 


2 . 
c ANR _ 8m Where n=number of revolutions per second. 


Do. (b+ R)x 
Gii) _Michelson’s method : c=mnD, where m=number of mirrors, 
n=number of revolutions per second,and D =distance traversed. by 
light from the face on which it falls initially to the diametrically 
opposite face after successive reflections from the intermediate 
mirrors. 


According to the wave theory of light, 


_ velocity of light in a vacuum 
= —Yelocity in the medium 
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EXAMPLES 


Microscopes and Telescopes 


Ex. 1. The focal length of the object glass of a microscope is 
02 m, that of the eye-piece is ‘04 and distance between them is ‘20m. 
What is the distance of the object from the object glass when the 
image seen by the eye is ‘25 m from the eye-piece ? Calculate also the 
magnifying power of the micros cope. 

Sol. Coordinate convention : Eye-piece : Here image for the eye- 
piece is on the same side as the object, so ve is negative. 


1 Baie 3 


acd ave 
ie Bo Sm. 


a wr te (142 )-( ts ) 1-3) 48:3. Ans. 


New convention « Eye-piece : Here image is virtual and so 
Ve is —ve. 


Pg ety 
25 Cor 
Objective : Here vo (absolute) =-20 — -0345 —-1655 m. The image 
formed by the objective is real and so Vo is --ve. 
1 ER 
1655 ua +02 


Or ue='0345 m. 


Or uo = + °023 m. 


So D 02 ‘25 : 

m= 4 (142 -m m (+e =48:3. Ans. 
Ex. 2. Ina simple astronomical telescope the focal length of 

object glass is 75 m, that of the eye-piece is ‘05m. Calculate the 

magnifying power when the final image of a distant object is seen 

(i) a long way off, (ii) at a’ distance of -25 m: Find the distance 

between the two lenses in each case. 


Sol. (i) When the final image is long way. off, the telescope is 
set for normal vision when magnifying power is given by 


M, magnifying power =% a S Ans. 
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The distance between the lenses ='75+:05= 80 m: Ans. 
PEIWEN g, 
—"25., u ‘05 

- Or ug='0417 m. 


(ii) Eye-piece : Coordinate convention : 


New. convention : te — Or ue= "0417 m. 


ee Ly igs) 
Magnifying powers l+ =-05 l+-75 =F ts Ans. 


Distance between lenses =ue+fo = "0417 + ‘75 ="7917 m. Ans. 


Ex. 3. An object can be seen by a naked eye from a distance D. 
What is the angular magnification if the same object is viewed through 
a magnifying glass of focal length f held at a distance d from the eye 
and so arranged that the image is at @ distance L from the eye ? 
Consider the cases : (i) L= &, (ii) L=D. 


Sol. Let a be the smallest angle subtended by an object at the 
eye when it is just visible. Then 


d= ze where PQ=size of the object. 
When L= cc, the image distance =f; 


6p =angle subtended by the image -72 F 


Magnification (angular) = E= A Ans: 
1 1 1 1 1 
B ae Nae a a E OET 
In the second case, — D-d ~u F a ATOR: 
; pen os Ye D-d p- 1 pis 
Magnification = =(D dx(5Ha + 7 
D-d j 
pi U ple E A Ans. 
f 


Ex. 4. A compound microscope has an objective lens of 1'5 cm 
focal length and. an. eye-piece lens of 5 cm focal length. An object is- 
focussed in it from a distance 18 cm.. Calculate the magnification 
produced by the microscope and the length of the tube. 
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Sol. Co-ordinate convention : For the objective we have 
Me Sa ge eae 
Vo —18 +1°5 


The plus sign shows that it is on the other side of the objective. 


Or Yge=-+9 cm. 


For the eye-piece we have z - a = 5 Or ue = —4°167 cm. 
Magnification produced =m, x m ae Ot x 2o 30. Ans. 
R Br A167 
Tube length := voue =94167= 13:167=13'2 cm. Ans. 
New convention: For the objective we have J+ ie es 3 
\ o E oe 


or Yo= +9 cm. 


The plus sign shows that the image is real and it lies on the other 
side of the objective i.e., R-side of it. 


For the eye-piece we have tit, ul Or ue=4'167 cm. 


125i) te. 5 
Magnification produced =m, x m= 2 —2>_ — 30 Ans. 
; : peo kate A167. 
Tube length = vou, =9-1.4*167 = 13-2 om. Ans. 


Ex. 5. An astronomic al telescope consisting of two convex lenses 
50 cm and 5 cm is focussed on t 


he moon. What is the distance between 
the two lenses in this position ? If the telescope is turned towards an 
object 10m away, how much the eye-piece has to be. moved to focus 
the object without altering the accommodation of the eye? Calculate 


the magnification (angular) produced by the telescope in the two 
adjustments. 5 


Sol. When the telescope is focussed on a distant object and the 
final image is also at infinity, the distance between lenses = f} -+f 


Distance between lenses = 50 +5 =55.cm, Ans. 
When it is turned on a nearer object, 
_ Objective will not. be at its focus, 
eye-piece has to be shifted exactly 
which the image is shifted because fi 


the image’ formed by the 
rather a little ‘away from it. The 
by the same distance through 
nal image is at the same distance. 
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pr 
ja 
| ee 


0 all 


Fig. 6-1 


Co-ordinate convention : Applying lens formula to the object glass, 
l 1 1 50 
— ee =+55 m= 52°63 
7 or (Po= +55 B= +52:63 cm. 
| The plus sign shows that it is on the other side. 


The distance by which the eye-piece is to be shifted 
= 52°63 —50 =2°63 cm. Ans. 


When the object is not at infinity but at finite but large distance 
(large in comparison to the tube length), 
P'o’ 
p tiiran po ERL ORI _y 6-1 
Magnifying power = 5 = ana PO EP’ E as ): 
: OP' 
Applying lens formula to the eye-piece. des Bee 
oO len tS 
or Ue= 5 CM. 
Magnification = i =10:52. Ans. 
Jo __50 VoF d ue= fs). AnS 
Previous magnification= z= W C.i Vo=fo and ue= fe), Ans. 
e 


New convention : Applying lens formula to the object glass, 
10 5 
The plus sign shows the image is real and i 


| <. The distance by which eye-piece is to be shifted 
l = 52:63 — 50 =2'63 cm. Ans. 


When the object is not at infinity but at finite but large (large in 
comparison to the tube length), 


st Lor. ox gg m= 5263,.0m., 


it is on the other side. 
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P’ Q’ 
Pre _ B _ tan EP’ OP’ Wo. REST: 
Magnifying power = = sna cme Geer = (See Fig. 6-1) 
OP’ 
: : es eae | 
Applying lens formula to the eye-piece, >+ = 
CO Ue 
or Ue=5 cm. 
Magnification — ae = 10°52, . Ans. 
Previous magnification = A = = =10,: Ans. 
; À } 


Eye-pieces 


Ex. 6. Light from the sun is Jalling directly upon the Ramsdews 
eye-piece consisting of lenses in the usual manner each of focal length 


05m. Find the Position of the image formed and trace the path of 
rays through the eye-piece 


: nae ead ia or v’=-++'05 m. 
yn FT- 


Fig. 6-2 
P'Q’ serves as the ‘virtual object’ for the eye-lens, 
1 AP 


eal TEDOS 
v (05—2 x05) +05 or v= -+--0125 m. 


Thus the final image is formed at a distance ‘0125 m on the other 
side of the eye-lens, Ans. 


“PSS i HB es ren 
New convention : pts a: or v’'=:05 m. 


Separation between lenses = 2 x -05 m. 


P’Q' serves as the ‘virtual object’ for the eye-lens, 
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TE, o ss 1 ZUE: 
y” : — (05—34 x05) Ni -05 or yv=+ 0125 m. 


Thus the final image is formed at a distance 0125 m on the other 
side of the eye-lens. Ans. 
Ex. 7. Two plano-convex lenses of focal length ‘06 m and ‘04 m 
are available. We have to design an eye-piece which will be free 
from chromatic aberration. Explain how to achieve this. Calculate 
the focal length and magnifying power for normal vision. Will it be 

a positive or negative eye-piece ? 
Sol. Condition for minimum chromatic aberration is that the 
distance between lenses= mean of the focal lengths of the component 
lenses 


_06+04 _.95 m 
3 k 


So we will achieve the desired eye-piece keeping the lenses 
co-axially ‘05 m apart. The first lens (06 m focal length) will be 


field lens and the other will be eye-lens. 


Co-ordinate Convention : Here 
A =f 4f -x= "06+ 04=-05= 05 m. 


puffs 06x04 -048 m. 
A 05 } 


25, 5-9, Ans. 


i genet Bp 


Magnifyi isi 5 
gnifying power for normal vision F048 


The distance of the first principal plane from the field lens to- 


wards the eye-lens is given by 
a= f=? x-06="06 m. 


A “05 $ 
The first principal focus is at a distance 048 m from the first 
principal plane towards the object. With reference to the field lens 
it is at a distance (06 —*048) ="012 m on the other side. Hence it is 
a negative eye-piece. 3 Ans. 


New convention : Here A =fit+f2—* =-06+04—05 = 05 m 
p-f 06 x04 _.948 m. 
A ee 


Magnifying power for normal vision= 2- = 048 
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The distance of the first principal plane from the first lens (field 
lens) towards the eye-lens is given by ‘ 

LU x. 105 

a= f= 08 

The first principal focus is at a distance 048 m from the first principal 

plane towards the object. With reference to the field lens it is at 

distance (-06 — 048) =-012 m on the other side. Hence it is a negative 

eye-piece. Ans. 


x06 =:06 m: 


Defects of Vision: Velocity of Light: Rectilinear propagation of 
light 
Ex. 8. A short-sighted person-cannot see distinctly objects situated 
beyond 2 m from him. What should be the power of the lens which 
he should use for seeing distant objects clearly ? 


Sol. Co-ordinate convention : Let fe be the accommodated focal 
length of the eye-lens for 2 m distance. Then 


Lets SER D ot @ 
yp ae y i 
Let f be the focal length of the correcting lens for seeing distant 
; TAAL 1 a 
objects. Then ye eae A Pee (1) 
vo Se aa $ 
Subtracting, f=—-2m. 
. Power of the lens required =— = 1 =—'‘S dioptre. Ans. 
New convention : Let fy be the accommodated focal length of the 
- eye-lens for 2 m distance. Then dpl zl niet AO 
v e 
Let f be the focal length of the correcting lens for seeing distant 
i toisg 1 tsia + 
objects. Then fas Rit). 
J “WD HOOT fs FF. - ( 
Subtracting, f=-2m. 
Power of the lens required = = 1 =—‘Sdioptre. Ans. 


Ex. 9. A long-sighted person can see distinctly objects beyond 


Im. Calculate the power of the lens that should be prescribed for 
him for normal vision, 
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Sol. Co-ordinate convention : Let fe be the accommodated focal 
length of the eye-lens for distance t m. Then 


eg cote 3 i 
EEEE e yR 
Let f be the focal length of the correcting lens. Then 
pab o abi erie f 
an a ee (ii). 
. pari Gece! Dni 
Subtracting, SOUT or f=+ z m. 
Power of the lens required = ; =+3 D. Ans. 
New convention : Let fe be the accommodated focal length of the 
eye-lens for the distance 1 m. Then pve ees ro Ad) 
ONENE 
Let f be the focal length of the correcting lens. Then 
L ais e EG: 
TEAN ©) 
wi porako lE ad Roel t 
Subtracting, Fe <i or ore m. 
Power of the lens required == +3D. Ans. 


Ex. 10. In a Fizeau’s experiment there were 500 teeth at the edge 
of the toothed wheel. The distance between the plane mirror and 
the wheel was 10- km. . Calculate the rpm of the wheel when the source 
disappeared for the first time: Velocity of light in vacuum = 3 x 10° m/s. 


Sol. We have’ c= 


Ai - For the first eclipse of the source 


we have s=1. 


Cannas 3X10° Aap! 
= =. = 15 rps=900 rpm. Ans. 
moamp dr es i 

Ex. 11. A mani stands on a vertical long tower of height -h=20 m. 
Calculate the distance up to which he will be able to see the surface of 
the earth. Which property of light do you use in the calculation ? 
R (radius of the earth) =6°4 x 10° km. : 
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Sol. Since light travels in a straight line, the man can see from 
the foot of the tower up to the point of the surface of the earth where 
the tangent through him (considered as a point) touches the surface 
of the earth. 

Let o be the angle subtended by this distance at the centre of the 
earth. Then the required distance=R. 0. 


From the geometry of the figure, tand= Donor v 2Rh 


R 
C: Rh). 
.. The required distance = R.0 = y/ 2Rh = y2 x 6'4 x 10° x 20 
=16 km. Ans. 


EXERCISES 


Microscopes and Telescopes 


1. Two convex lenses of focal lengths ‘01 m and -06 m respectively are 
arranged to form a microscope. A small objectis placed -012 m from object 
glass. If the image seen appears to be 25m from the eye-piece, what is the 
distance between the object’glass and the eye-piece ? (Ans. *1084 m) 


PAS ie : ; PEEN 
2. Show that the magnifying Power of a simple microscope is { 145" ) 


when D is the least distance of distinct vision, a the distance between the eye and 
the lens and f the focal length of the lens. What conclusion do you draw about 
the best position of the eye ? 

3. The objective and the eyepiece of a microscope have focal lengths of 
02 m and ‘04 m respectively and are placed ‘15m apart. If the final image is 
situated ‘25 m from the eye-piece, how far must the object be placed in front of 
the objective ? (Ans. ‘0242 m) 

4. A compound microscope consists of two convex lenses of focal lengths 
+02 mand -15 m. - An object is placed at a distance of 025 m from the object 
glass and the final image is formed at the least distance of distinct vision. Find 
the magnification produced and the distance between the lenses. 

(Ans. 10°67; 1937 m) 

5. The focal lengths of the objective and the eye-piece of an astronomical 
telescope are 25 mand ‘02 m respectively. The telescope is adjusted to view an 
object at a distance of 1*5 m from the objective, the final image being :25 m from 
the eye of the observer. Calculate the length of the telescope and the magnifi- 
ication produced by it. (Ans. 31:85 x 10-2 m; 16°2) 

6. An astronomical telescope in normal adjustment has tube length 93 cm 
and gives magnification (angular) of 30. If the eye-piece is to be drawn out by 
3 cm to focus a near object, with the final image at infinity, find how far away is 
- the object and magnification (angular) in this case. 

{Hint : See Ex. 4.]: (Ans. 27:9 m; 31) 
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7. A telescope is formed of two convex lenses’ of focal’ length 10 cm and 
1 cm respectively. If the telescope is focussed ona scale 1 m away from the 
objective and the final image is formed 25 cm away from the eye, calculate the 
magnification produced. (Similar I. f. T, 1980) 
(Ans. 11 56) 
8. A simple astronomical telescope is made from two convex lenses of focal 
length 1 m and -05 m respectively. Find the magnifying power when the instru- 
ment is used to view a distant object if the final image is formed (a) at a great 
distance, (b) at a distance of *25 m from the eye-piece. (Ans. (a) 20, (b) 24) 
9. A telescope consisting of two convex lenses of focal lengths +20 m and 
“01 m is focussed on a distant object for normal vision. What is the distance 
between. the glasses ? If the same telescope is’ now focussed on an object distant 
2 m away from the object glass without altering the accommodation of the eye 
by how much the eye-piece has to be shifted ? (Ans. ‘21 m; by *022 m away) 
10. The focal lengths of the objective and the eye-piece of an astronomical 
telescope are ‘25 m and ‘025 m respectively. The telescope is focussed on an 
object 5 m from the objective, the final image being formed -25 m from the eye 
of the observer. Calculate the length of the telescope and its magnifying 
power. 


[xin : Mag. pover=| (Ans. *2859 m; 11°6 m) 
e 


11. A Gallilean telescope of 10-fold magnification has the length of 45 cm 
when adjusted to infinity. Find (a) the focal lengths of the telescope’s objective 
and eye-piece. (b) By what distance the eye-piece should be ‘displaced to adjust 
the telescope to the distance of 50m 2 ——  {Ans. (a) 50 cm, 5 cm; (b) ‘5 cm] 


12. The objective of a telescope focussed for infinity is taken out and 
replaced by a diaphragm of diameter D. A screen placed on the other side of the 
eye-piece shows a sharp image of diameter d. What was the magnifying 
Power of the telescope ? (Ans. D/d) 


13. A telescope with magnification M=15 was submerged into water 
which filled up the inside of the telescope. To make the system work as 
telescope again within the former dimensions, the objective was replaced. 
What has the magnification of the telescope become equal to ? p of the material 


4 
of the eye-piece=1'5 and p of water=—-. (Ans. 3) 


Eye-pieces 


14. A Huygen’s eye-piece is made by arranging two Plano-convex . lenses of 
focal lengths 03 m and ‘09 m in the usual manner. Light directly falls on the 
field lens of the eye-piece. Calculate the position of the final image formed by 
the eye-piece and trace the path of rays showing the formation of images. 

(Ans. 1°5 cm behind the eye-lens) 


15. An eye-piece is constructed by using two thin lenses of focal lengths 
-03 m and -04 m respectively and are spaced so as to reduce spherical aberration 
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to minimum. Find (a) separation between lenses required, (b) equivalent focal 
length, and (c) magnifying power when the vision is distinct. 
[Ans. (a) ‘01 m; (b) 02 m; (c) 13-5) 
16. An eye-piece consists of a concave lens of focal length 2f and a convex 
lens of focal length 3f separated by a distance £; They are of the same material. 
Examine whether the eye-piece formed is frée from spherical and chromatic 
aberration. Is it suitable for use of cross-wire ? 
(Hint: An eye-piece is suitable for cross-wire when it is a Positive one. 
See Ex. 6.) (Ans. free from chromatic aberration but not spherical; yes) 


17. You are given two plano-convex lenses of focal lengths :03 m and ‘05m 
and asked to design an eye-piece free from chromatic aberration. Explain how 
you will achieve it. Calculate the equivalent focal length of the eye-piece formed 
and its magnifying power if it is used. by a Person for whom least distance of 
distinct vision is :25m Will your eye-piece be free from spherical aberration ? 

{Ans. (i) by keeping the lenses 04 m apart, (ii) equivalent focal 
‘length “0375 m, (iii) magnifying Power 7'67, (iv) no] 

18. Show that in eye-piece both spherical aberration and chromatic aberra- 
tion can be simultaneously reduced to a minimum only when their focal 
lengths are in the ratio 1:3. 


19, Two thin converging lenses of focal: length ‘05 m are separated -by a 
distance of 03 m. Find the focal length of the eye-piece and determine whether 
this will be a positive or negative eye-piece. Will it be free from spherical and 
chromatic aberration ? (Ans. 036 m; Positive; no} 


20. Two convex lenses of focal lengths 2f and f are arranged to form an eye- 
Piece and are spaced by f. The first lens is to be used as field lens and the 
Second one as eye-lens. Find (a) equivalent focal length. (b) See whether 
‘it. is positive or negative eye-Piece, (c) Whether it is free from spherical aberra- 
tion and chromatic aberration ? (d) What will be disadvantage if fis used as 
field lens ? j 


{Ans. (a) F=f, (b) positive, (c) free from spherical aberration but not chro- 
matic, (d) eye-lens will fall at the focus of field lens and so dust particles or 


anything else on field lens will be infinitely magnified and whole field of view 
will be spoiled.] 


Defects of Vision 


21. Astudent with defective eye~sight can see clearly nothing that is farther 
from his eyes than 50cm. What is the kind and power of lens that will enable 
him to see easily and clearly distant objects ? 

K i (Ans. concave lens; power=— 2D) 

22. A person’s range of distinct vision is from 6cm to 60cm from. the eye. 
What spectacles would be required to sce distant objects clearly and what would 
be his least distance of distinct vision using the spectacles.? 

(Ans. concave lens of focal length 60 cm; 6°67 cm 

23. A, Person can see. objects as near as 40cm and as far as3m. What 
Spectacles will be required (a) for reading purposes, (b) for seeing distant 
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objects ? Least distance of distinct vision=25 cm. What is the range of clear 
vision with each pair of spectacles ? 
[Ans. (a) convex lens of Power 1-5 D, (b) concave lens of power *33 D. 
With reading glass he can clearly see from 25 cm to 54:5 cm and that with distant 
glass from 46 cm to infinity] 
24. A short-sighted man, the accommodation of whose eye is between 
12 cm and 60 cm wears spectacles through which he can see distinctly remote 
objects. Determine the minimum distance at which the man can read a book 
through his spectacles. (Ans. 15 cm) 
25. Two men, a far-sighted and a short-sighted one, see objects through 
their spectacles with normal eye-sight. When the far-sighted man inadvertently 
Pnts on the spectacle of his short-sighted friend, he found that he ‘could see 
distinctly only infinitely far objects. At what minimum distance.can the short- 
sighted man read small type if he wears the spectacles of the far-sighted man ? 
; (Ans. 12:5 cm) 
Velocity of Light 


26. The velocity of light in vacuum is 3x 108 ms-1, Find the same in glass 
if index of refraction of glass is 1-5. (Ans. 2 108 ms—) 
27. A star is at a distance 50x101? km fromearth. If the star disappears’ 
due to collision with some other star so that its light is extinguished, how long 
we continue seeing the star (even though it does not exist), Velocity of light in. 
vacuum = 3 x 108 ms-1- i (Ans. 5-3 years) 

28. In Fizeau’s experiment the distance between the source and the reflector 
is 8 km and there are 720 teeth in the toothed wheel. At what speed first, second. 

and third eclipse will occur 2? (Velocity of light=3 x 10® ms) 
(Ans. 13 revolutions/sec, 39 revolutions/sec and so on} 
29. In an experiment for measuring the velocity of light by Focault’s method, 
the fixed and the revolving mirror were 3 km apart, the Jatter revolving at 500 
revolutions per second. The angular deviation of the return ray was 7°12’. 
Calculate velocity of light. ' (Ans. 3108 ms?) 
30 The distance between the toothed wheel with 720 teeth and the mirror im 
the Fizeau experiment is 7 km.. Two consecutive speeds of rotation of the wheeh 
for which light disappeared were 283 rps.and-313 rps. Find the velocity of light. 
i (Ans. 3x 108 m/s) 
. Reetilinear Propagation of Light 

31. Two places “A and Bon the same longitude are h km Apart along the: 
Surface of the earth, Ais at the equator. The shadow of a vertical pole is zero 
at A at some hour -of observation and that at B is just half the length of am 
identical pole at the, same hour of observation. Show that these. observations. 


enable us to find the radius of the earth, h > 
(ans. Rey) 


32. In a new-moon day, a man on earth sees the annular eclipse of the sun. 
How high would he rise above the earth’s surface so that he can just see the total 
eclipse of the sun ? Diameter of the sun=1°4x10® m, diameter of the moon 
=1'7x10°m. Distances of the sun and the moon from the position of the 
man on earth are respectively 15x10" m and 3:8 x 10° m. (Ans, 2:0 x 10° km), 


ooo 


< 


N. E, P,~23 


CHAPTER 7 


WAVE THEORY OF LIGHT : INTERFERENCE 
OF LIGHT 


I. Wave Theory of Light : According tœ this theory light travels 
in the form of transverse waves. The colour of light is attributed 
to the. ‘frequency of the wave’ which remains unchanged when light 
passes from one medium into another. The refractive index of a 
medium is related to the velocity of light in that medium by the 
relation 


_ __ velocity of light in vacuum (c) 
velocity of light in the medium (c’) ` 


The intensity of a light waveis proportional to square of its amplitude. 


2. Interference : Two beams of light from a coherent source may 
give rise to total darkness or maximum brightness if they meet under 
certain conditions. This phenomenon is known as Interference. 

Two wave trains give rise to complete darkness if their path 


difference = Qs) where s=0, 1, 2,3....and maximum bright- 
ness if path difference = sh. 


3. Theory of fringes: Suppose S, and S, are two coherent 
sources, d=distance between them; D= distance between screen .and 
sources. O isa point on the 
screen equidistant from S, and 
Sy. Obviously there will be 
brightness at this point. This 
is called central bright fringe. 
Pisany point on the screen 
at a distance x from O. From 
geométry Of the figure, 


v 
<---8--> 


i 
l 

© 
l 
l 
l 
! 
1 

© 


2 
d 
2 — p2 Fardd) A 
D= D: -4+4 x 2): 
D; =0'+(=+4). 


~. D2-DP=2xd, or D,-D,=%, C- Dy+D,~2D). 
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There is darkness at P if aa Qs+-1)5- 


ee (2s+-1)aD 


or = 
2d 
and brightness if xd on 
D 
D` 
or x=—_. 
d 


Spacing between consecutive similar pattern, i.e., distance from 
one darkness to the next or one brigntness to the next is called 
fringe-width. 


Fringe-width (8) = Me 2a): 


4. Biprism : Biprism is a device of producing two coherent virtual 
sources S, and S; at a very short distance apart. IfA is the angle 
of prism in radian, p =index of refraction and /—=distance of slit 
(source) from biprism then 6 (deviation produced by each half of the 
biprism) =(u—1)A 
and d (distance between virtual sources) =2(u —1) A? 

or d=2(u—1)Al : UA) 

5. Effect of placing a glass plate in the path of the interfering 
beams : Ifa glass plate of thickness t is introduced (index of refrac- 
tion») in the path ofa ray, say, SP, then the path of wave is in- 
creased by pt—ft= (u— 1)t because t metre of pan is equivalent 
to yt metre of air. 

Now, path difference = D, —[D, Hu + 1)t] =D, -D - (u —1)t 


xd 
=" —(u—1)t. 
pe) 
` Let O' be now the point equidistant from Sı and Sz. 
Path difference for this point is zero. 


zi (wt 0 


or dioi uye * 
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Shift in central bright fringe and so shift of all other fringes 
-uD (w= 18 
d A 


Let this shift be x. Then go EDR, . 2) 


Hence knowing xy we can calculate ‘p’. 
EXAMPLES 


Ex. 1, Calculate the time which light will take to pass normally 
through a glass plate of thickness 1 mm. (u of glass is 1°5) and 
velocity of light in air 3 x 105 kilometre per second. 


Sol. Velocity of light in glass = 19" ms-! where ¢ is the time in 


which light travels 10- m (i.e. 1 mm) of glass. 
(Velocity of light in air)=3 x 10° ms~*. 


-Now u (of glass)=<. 
3x 108 i 
rs = r 31x 104 
t 
3 irae 15 pee SiT -12 
r i tagga AAA =5x10-#'s,, Ans, 


Ex. 2. The wavelength of red light in air is 7890A° in air- 
What is the wavelength in glass (u = 15) ? 


Sol. We have ¢' =v in glass, Co=VAp in air. 
£0. Ao = £0 
aes Tig But as" 
iy 
ane 
es ja dee oe =5260A. Ans- 
T : 


Ex. 3. Two interfering beams haye their intensities in the ratio 
9:4. Calculate the ratio of maximum and minimum intensities 
produced by their interference. 
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Sol. Since the intensity is proportional to amplitudes, the 
amplitudes of the intefering beams are in the ratio 3: 2. Hence the 
amplitudes are 3 k and 2 k where k is the common ratio. The 
maximum amplitude of the resultant wave is 3k-+-2k=5k and the 
minimum amplitude of the resultant wave is 3k—2k =k. 

Imaz: Inin 2K (KP =25: 1. Ans. 


Ex. 4. Two sources *03x%10-2 m apart emitting waves of wave- 
lengih in the same phase produce interference fringes on a screen 
ata distance of +30 m from ‘the plane of two sources. The fringe- 
width is found to be 59 x 10-8 m.“ Calculate the wavelength. 


Sol. Fringe-width is given by p=? 


1.x 130 
“03 x 1077 


or | 4= 5:9 10-7 m=5900 x 10-9 m=S900A°, Ans, 
(7 107 m=1A9) 


59x 108= 


Ex. 5. A Fresnel’s biprism of angle 2° is illuminated by light 
of wavelength 5890A° by a source ‘10 m from it. Calculate the width 
of the fringes formed ona screen ’9 m from the biprism. (The index 


of refraction of glass is 1°5.) 
Sol. The deviation § produced by each half of biprism=(u—1)A 


where A =angle in radian. 
d=2(y—1)Ax 


=2(1°5—( Ey?) x4 


p= (5890 x 10°) xT 4-687 x 10-4 m. Ans. 

7/900 
Ex. 6. Fringes are produced with monochromatic light of wave- 
length 54504°, A thin plate of glass of refractive index 1'5 is 
then placed normally in the path of one of the interfering beams and 
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the central bright band of the. fringe system is found to move into 
position previously occupied by the third band from the centre. 
Calculate the thickness of the glass plate. 

Sol. See the article 4 above and show 


y= DB 
a 
Here it is given that was 3B. 
o@e— 1ip 
SLs Oca Am S- 


A BOs: 3A 3x 5450:x 10779 3-27 10-8 m: 


i r521 Ama 


Ex. 7. Fringes are. produced by a Fresnel’s biprism in the focal 
plane of an eye-piece which is 1° m ‘from the centre slit. A lens 
inserted between biprism and eye-piece gives two images of the slit in 
two positions. In one case the images of the slit are 4°05 x 10-8 m and 
in the other position 2°9 x 10-8 m apart. If sodium light (N= 5893 x 
10-19 m) is used, find the distance between interference fringes. 


Sol. It is a fact that when the distance between screen and 
object is greater than four times the focal length of a convex lens, 
there are two positions of the lens where it forms real image of the 
object on the screen. Ifd, and d, are the sizes of the images in the 
two positions then 


d (size of the object) = y d,ds. 
. . ———— in 
d (distance bet. virtual sources) = 4/4:05 x 10-8 x 2°90 x 10°. 


aD 
CA 
5893 x 10-10 
Pk ee = 1:72 10-* m. Ans. 


/405 x 2:90 x 108 


EXERCISES 


1. Light travels a certain distance in water in 3 ps. What is the time in 
which light would travel the same distance in air ? u of water=§. (Ans. 2:25 ps) 
2. What is the wavelength of yellow light (A in air=G000A°) in water T 
_ H of water=§. (Ans, 4500A°). 
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3. Two straight and narrow slits 3x 10-4 m apart are illuminated by a mono- 
chromatic source of wavelength 5°9x 10-7 m. Fringes are obtained at a distance 
of ‘3 m from the slits; find the width of the fringes. (Ans, 5°99 10-4 m) 

4. Two fine slits are Placed very close to each other and they are illuminated 
by strong beam of light o f wavelength 5900 A9, Fringes are obtained at a dis- 
tance of *3 m from the slits. The fringe width is found to be 5°910-* m. 
Calculate the distance between the slits. (Ans 3x 10-* m) 

5. In Young’s exPeriment the distance between the slits is 1:5 mm and the 
distance of the screen from the slits is 2 m. The slits are illuminated by a 
source provided with a red filter (A=687n m). Find the distance between the 
interference fringes. (Ans, 0°9 mm) 

6. In Fresnel’s biprism experiment fringes of width 185 x 10% m are obsery- 
edat a distance of 1:m from the slit. Image’ of the coherent sources. is then 
produced at the same distance from the slit by Placing a conyex lens at :3 m from 
the slit. The images are found to be separated by ‘7X 10-2 m.. Calculate the 
wavelength of the light used. l . (Ans. 5550A°) 

7. Biprism fringes are produced with the help of sodium yellow light (A= 
5893A°), The angle of the biprism is 179-59 and its refractive index 15. If 
the distance between slit and the biprism is °4m and the distance’ between the 
biprism and the screen is +6 m, find the distance between successive bright 
fringes. à (Ans, 3-376 10-4 m) 

8. When a thin monochromatic source of light was placed at a distance of 
-5 m froma Fresnel biprism of refractive index 1°5, the distance between conse- 


„cutive bands formed on the screen placed at a distance of 1 m from the biprism 


was found to be °12x10-% m. Ifthe wavelength of light was 5893 10-29 m, 
find the magnitude of the obtuse angle of the biprism. (Ans. 178° 19’) 

9, A glass plate 1-2 10-®m thick is placed in the path of one of the inter- 
fering beams in a biprism arrangement using monochromatic light of wavelength 
6000A°, If the central band shifts a distance equal to the width of the bands, 
find refractive index of glass. (Ans. 1:5) 


10. A beam of light consisting of two wavelengths 6500 and 5200A is used 
to obtain interference fringes in a Young's double slit experiment. Find the 
distance of the third fringe on the screen from the ceatral maximum for the 
wavelength 6000A°; What is the least distance from the central maximum 
where the bright fringes due to both wayelength coincide ? The distance between 
slits is 2 mm: and the distance between the plane of slits and the screen is 
120 cm. (L.1.T. 1985) 

(Ans, 1:17 mm; 1°56 mm) 


000 


CHAPTER 8 


DIFFRACTION 


1. Diffraction ; When an obstacle is put in the path of? Jight it 
bends round the corners and spreads out to a certain extent into the 
geometricl shadow. This phenomenon is known as Diffraction. 

There are two types of diffraction—(i) Fresnel’s class of diffrac- 
tion: In this classtof diffraction the source or the screen on which 
the pattern is observed or both are at finite‘distan ce: (ii) Fraunhofer's 
class : Here the above two are at infinite distances. 


2, Diffraction at straight edge : Suppose Sis a. line source and 
AB is an obstacle parallel to it. Join S with A and produce it to cut 
the screen at O. Then O defines the boundary of the geometrical 
„shadow. The wave front incident on AB will be cylindrical in shape. 
. Suppose P is any point on the screen at a distance x from O. Join P 
with S and let it cut the wave front at E.. Then E is the pole of the 
wave front with respect to the point P. The intensity at P depends 
on the number of half period elements in EA. If EA. contains odd 
number of half 
period elements, 
there is maximum 
intensity at P. On 
the other hand if 
there are even 
number of half 
period elements in 
EA there is mini- 
mum intensity at P. 
For package of odd 
number of elements 
Fig. 8-1 in EA, it is required ' 
that path difference 
(AP—EP) be odd multiple of 4/2 and for even number of half 
period elements, the same path difference must be any integer of ^. 
Suppose SA=a, AO =b. 


1 p 2\3 2 
Now, apei -o(1+7 7 expanding and 


neglecting higher powers of x?/b? as x< <b. 
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x? 
a AP =b+5,. 


2 
Similarly, SP=(a+6)+ GT: 


o : F: 
Now,’ EP=SP-SE=(a+b)t ee Wath). 


2 2 
> Path difference (AP — EP) -(2 5- pe) 
x? x 
bo Fare 
La 
=a 


There is maxima at P if 
xa À 
__X'a__ _(2n—1)*, where n=1, 2, 3,-- 
ath ~ YZ 
Writing xn for distance of nth maxima, we have 


Xna (n= D3 


2b(a +b) 
or xy =, Ean, E G a 
There is minima at P if 
iG N 
2b(a+b) 


Writing x, for nth minima, 


[ee 
t= A E 

a ¢ 

£ ; ce 

3. Diffraction through a narrow slit : Suppose Sis a ee eae j 
and AB is a narrow slit. Join S with A and B and pro cate of 
the screen at A’ and B’. Then A! and B’ define the beginning 
geometrical shadow. 


Suppose, e=AB, width of the slit and P is any point aon 
geometrical shadow at a distance x from the centre of geome 
Anti-shadow. 
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: : 
Then, AP?=b?-+ (x = 5) 


2 
Jæ and BP =b (x $) 


A <. BP?— AP? =2xe 
be ee 

or BP—AP BP AP 
ib 2xe _xe 

o T 


Fig. 8-2 


(C. BP+APx2b} 
For maximum at P, path difference = (2n— 1) >- 


x 


= Qn—1)4, where n=1, 2, 3, 4,...- 
oa n= Mba 
2e 
Writing xn for nth bright fringe x»= Cas De 
For minimum at P, path diference =n. .". F =mnh. 
nbr 


Writing x, for nth minima, xn= —. 
e 


4. Diffraction at Circular hole : Let us consider intensity only at 
a point P on the axis of the hole. The intensity at P depends on the 
number of half period zones contained in the hole. Intensity is” 
minimum if it contains even number of half period zones, that is, 
path difference (AP—OP), or (SA+-AP—SP) is any integer of ^ 
Suppose r=radius of hole; OP=b, distance of screen and SO=4, 
distance of source from hole, 

There is minimum intensity at P if 


(VEF + VP Fr)—(a+b)=m 
1 ( 
Oa ofa) r+ ar) - (a+b)=m, 
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expanding and neglecting higher powers of L asrga 
a 


E N he Ss er 
Aer EEEE, Stet as e 
sat ——b—-—— — SP 
~ oO agate? 
~ Daer 
bs BPN fad 
B 
Fig. 8-3 
r r 
or at +b -—a-b=n 
kont E 


ref mat 1, 1 2m Where n=1, 2,3... 
A (G5) as EAE ER 


Similarly there is maxima at Pif 


it GE where n=1, 2, 3... 
a’ b r? 


5. Fraunhofer diffraction through Narrow slit. (single slit) : When 
a parallel beam of monochromatic light is passed through a narrow 
slit, the rays are diffracted. On. collecting the diffracted rays by a 
lens they are focussed at different points at the focal plane of the 
lens. : 


If e=width of the slit, . 
9=angle made by. the diffracted rays with the normal to the 
slit, then the minimum intensity will occur in the directions. 
given by 
e sing =n, where n=l, 2, 3,.+++ 
6. Fraunhofer diffraction at circular aperture : Exactly in the: 
same way we have minima in the directions given by d sin =n, 


where d=diameter of aperture and n=1, 2, 3,.+-- 


and for maxima dsino=(2n+ Di 
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Fig. 8-4 


- EXAMPLES 


Ex. 1. Light froma narrow slit falls on a st. edge at a distance 
-5 m from the slit. If the diffracted pattern is observed on a screen 
“75 m away from the edge, calculate the distance between the first and 
Fourth dark band. (4=6000 A°) 


Sol. We we AE J Te 

When n=- ` z= | BREED, 

when n=4, aa hase 
na | [ELD (yey, 


Here, 24.= 6000 A°= 6000 x 10-19 m, 
sic yet) Ky ke if ee ei oh (2:828 — 1:414) 


=f 6XT5 xia 10-7 (1-414) 


= V6 x15 125 x 1:414 x 10-28 
= 2:25 « 10-*-m. A Ans. 


_ Ex, 2. A strong parallel beam of monochromatic light is incident 
on a thin plate having a small circular hole of diameter 10-3 m. If 
_ #he screen be moved through a distance of ‘125 m from the first 
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position when the centre is black to the second similar position, what 
is the wavelength of light used ? 


Sol. We have for minima EENE A 
A re 
Here a=distance of source= ©. 
1 2n ae 
DAE ee a 
2 
Put = é> pe 
u n=l, T 
2 
Put n=2, woe 
Fo ae Tete sr, 
bob = a aR 


ang LOIN iis WOT 
125 = 54a? OF 162195 
n =5x 10-7 m= 5000 x 10-° m= 5000 A°. Ans. 

: + (te 107 m=1 A’) 

Ex. 3. A source of monochromatic light of wavelength *6 pm is 
placed at a distance *3 m from a narrow slit, the distance between 
consecutive maxima is found to be “15 mm on a screen *5 m from the 


slit. Calculate width of the slit. 


Sol. This is a case of Fresne 
distance of nth bright fringe from the centre © 
_ (2n—1)br 
= 


or 


1 diffraction at a narrow slit. The 
f antishadow is given by 


Xn 
© n= 3b 
Xn = cata. Te A f 


Xn—Xn-1= oe This is independent of n. 


Hence fringes are of constant width. Let this constant be B. 


Then, B (fringe width) =", 


f 


fh A aa 10-8 m. Ans. 


B 
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Ex.4. A narrow slit of width -025. mm is illuminated by a 
‘parallel beam of light. The diffraction pattern is observed through 
a telescope. It is found that to veach the first minimum the telescope 
has to be rotated through 1°24' from the direction of direct ray. 
Calculate the wavelength of light used. 


- Sol. This is a case of Fraunhofer diffraction at a narrow slit. 

We have, e sing=n, where n=1, 2, 3. „for first, second, third.. 
minima. i 

025 10-8 sin 1° 24'=1 XA 
or ` A='025x 10-3 0244 = 6100 x 10-0 m= 6100 A®. Ans. 
Cr 1A°=10™ m). 

Ex. 5. A strong parallel beam of light (à= 5890 A°) is incident 
ona thin plate having a small circular aperture. A screen placed 
very close to the plate in the beginning is moved slowly away from 
it. When it is at a distance of ‘3m the centre appears to be dark 
for the first time. Calculate radius of the hole. 


Sol. This is a case of Fresnel diffraction at a circular aperture. 


: We have for minima A L 2m, 
a b r 
Here, a=distance of the source from the hole = œ, b="3 m, 


2.= 5890 A°=5893 x 10- m, n=1, 
1_ 2x1x5890 x 10-70 
r? 


RA CTA 
or r= y6 x 5890 x 1070 = 594 x 10-3 m. Ans. 


EXERCISES 


1. A narrow slit iuuunated by light of. wavelength °64 p m is placed at a 
distance of 3 m from a straight edge. If the distance between straigth edge and 
the screen is 6 m, calculate the distance between the first and fourth dark band. 

E (Ans. 4°8 x 10-* m) 

2. Light of wavelength -6000 A° falls normally on a nafrow circular aperture 
of radius 9x10—! m. - At what distance along the axis will the first maximnm be- 
observed ? (Ans. 1°35 m) 

3. A circular aperture of diameter 1-2 x 10-° m is illuminated by plane waves 

of monochromatic light and the emergent light is allowed to fall on a screen. As 
the screen is moved gradually towards the aperture it is found that when the 
screen is at ‘3 m a dark spot appears at the centre of the patch of light. Find the 
wavelength of light. * (Ans. 6000 A°) 
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4. Light from a narrow source falls ona razor edge at a distance 20 cm 
from the source. Calculate the separation between first and fourth maxima ona 
screen held at 30 cm away from the edge. (Wavelength of light=6000 A9) 

(Ans, 11:04 x 10-* m) 

5. A screen is placed at a distance of 1 m from a narrow slit. Light of wave- 
length ‘5 micron is falling normally on the slit. If the first minima of the 
diffraction pattern is situated at 5 mm from the central maximum, find the width 
of the slit. 

(Hint : It is a case of Fraunhofer diffraction at a narrow slit.) 

_ (Ans. 10°* m) 

6. A lens. whose focal length is 40 cm -forms a Fraunhofer dffraction 
Pattern of a slit -3 mm wide. The distance of the first dark band from the 
direct one is 785 mm. Calculate wavelength of light. (Ans. 5884 A°) 


7. Light from a source falls on a straight edge ata distance 50 cm and the 
distance between first and third maxima is found to be 1°197°mm on a screen 
at a distance 75 cm from the edge. Calculate wavelength of light falling on 
the slit. À | 


| Him : DOR ben re where n=1, 2, 3,.--++--.-for first, 


second, third,......... maxima.] (Ans. 5002 A°) 
8. A circular aperture of radius. -5 mm is illuminated by plane waves of 
monochromatic light and the emergent light is collected by a lens of focal length 
30cm, The distance between two dark bands is *18 mm. What is the wave- 
length of light ? i 
[Hint : This is a case of Fraunhofer diffraction at circular aperture. We 


have dsing=n\ where n=1, 2, 3,-....-for first, second, third,...dark bands. 
Since 9 is small, sin@x=0n=—— 
Sai: = =m or ad (Ans, 6000 A9) 


ooo 


CHAPTER 9 
POLARISATION 


1. Polarisation : When light waves acquire the property of one- 
sidedness due to reflection, refraction or transmission through a 
crystal, it is said to be polarised and this phenomenon of acquiring 
onesidedness in respect of intensity (and hence in vibration) is 


called Polarisation. 


2. (i) Plane’ polarised light : When onesidedness is of the kind 
that vibration takes place only in one direction perpendicular to the 
direction of wave propagation, light is said to be plane polarised. 


(ii) Circularly polarised light : When onesidedness is of the kind 
that there is circular motion of the ether patticles in planes perpen- 
dicular to the direction of wave-motion, light is said to be circularly 
polarised. 


(iii) Elliptically polarised light : When onesidedness is of the 
kind that there is elliptical motion of ether particles in planes 
` perpendicular to the direction of wave-motion, light is said to be 
elliptically polarised. j 


3. Brewster’s law: When light is incident on the surface of # 
transparent medivm at such an angle i that both reflected and refrac- 
ted light are completely plane polarised and they are perpendicular to 
each other we have ; i 

p=tani. — This is known as Brewster’s law 


and that particular angle of incidence is called polarising angle. 


4. Quarter wave plate and Half wave plate : A double refracting 
crystal cut of such thickness that it introduces path difference of n/4 
or phase difference of x/2 between ordinary and extraordinary wave 
is called quarter wave plate. Exactly inthe same way a crystal cut 
introducing a path difference of 4/2 is called. half wave plate. 

Let t= thickness of the quarter plate, 

vo=index of refraction for ordinary light, 
e= index of refraction for extraordinary light. 
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Then path difference = pof ~ Het. 


à 
gaene) 
or [= \ SRE P 
A(to~Pe) 


Similarly, t (thickness of the half wave plate) =a 
Ho~He 


EXAMPLES 


Ex. 1. At what angle a beam of light be incident on the surface 
of water having index of refraction 1:33 for the given light so that the 
reflected light may be plane polarised ? ; 

Sol. Reflected light is plane polarised when light is incident at 
polarising angle given by Brewster’s law, 

tani=p 

or j—tan-tw=tan 1°33 =534", Ans. 

Ex. 2. Calculate the phase difference introduced by a quartz plate 
of thickness 20 micron between ordinary and extraordinary light. 
Given that o=1°5443, we= 15533 and »=6000A°. Which light 
travels faster in quartz ? 


Sol. Path difference introduced = (a ~pHe)t 
=(1'5533 —1°5443) x 20x10- 


Gta micron = 10- m) 


=0090 x 20x 10-8. i 
Now, Path difference A = Phase difference 2n 
la`» yy 2nfh. 


” » 


Qn 
+ Phase difference introduced = -0090 x 20 x 10° x -z000 x 10 


Bact 10-8="06m,, Ans. 


a . 1 
A5- pe> Hos Co<Co- (x velocity o L) 


Thus ordinary light travels faster in quartz. This is why quartz 
is called a positive crystal. 


N, E. PHY.-24 
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Ex. 3. Calculate the thickness of a quarter wave plate for a light 
of wavelength 4000A° for which po =1°5632 and e=1°5541. 


Sol. Path difference introduced = (uo ~ pe)t. 


For quarter wave plate this must be 5 $ 


È = (pompe) 
a Seo Ri a Be AOOD 0E 
Auo ~ne) 4(1°5632 = 1-554) 
ASOT eae ag 
or t= - poor 7 1099 x 10 m. Ans. 


Ex. 4. Show that when a ray of light is incident on the surface 
of a transparent medium at polarising angle, reflected ray and refracted 
ray are at right angles to each other. 


Sol. When a ray is incident at polarising angle we have 


u=tan i. Brewster’s law. 
4 ; sini bis A 
Also, kama Law of refraction. 


sini si . . . 
OT ee a oe 


sinr cosi sinr 


tan i= 


or cos i=sin r=cos (90°—r) 

or i=90°—r. 

i+r=90°. 

Now, included angle between 
reflected ray (BC) and refracted ray 
(BD)= ¿CBD 

=180—(2 NBC+ ZN'BD) 
‘=180—(i+r) - 
= 180—90=90°, Proved: 
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EXERCISES 


1. Tho index of refraction of glass, for sodium light is 1°63. At what angle 
a beam of sodium light must fall on the surface of a glass slab so as to be Plane 


polarised by reflection ? (Ans. 58° 28’) 
2. For a slab of flint glass, the angle of polarisation is found to be SP 24’. 
Calculate the refractive index of flint glass. , (Ans. 1°564) 


3, A ray of light is incident on the surface of a glass plate of index of) refrac- 
tion.1:55 at the polarising angle. Calculate the angle of refraction. (Ans. 32° 49’) 
4. Calculate the thickness of a quartz quarter waye-plate ‘for sodium light 
4=5893 A° given that the index of refraction of quartz for ordinary and extra ~- 
ordinary rays are 1°5442 and 15533 respectively. (Ans. 1°62x10-* m) 
5, Calculate the phase difference introduced by a calcite crystal Plate of 
thickness 30 micron between ordinary and’ extraordinary light of wavelength 
6000A°, Given that o=1°554 and pe=1°547. a (Ans. *7x radian) 
6. You have to design a half wave-Plate of quartz crystal for light of wave- 
length 5800A°. Calculate the thickness of the plate frequired for the Putpose if 
pe=1°5508 and jio=1°5418. (Ans, 3°2x 10-5 m) 
7. A sheet of cellophane is a half wave-Plate for light of wavelength 4000A°. 
If the index of refraction does not change with wavelength, how the sheet would 


behave with respect to light of wavelength 8000A° ? 
(Ans. It will behave as a quarter wave-platey 


ong 


CHAPTER 10 
PHOTOMETRY 


1. Luminous intensity of a source: The amount’ of light emitted 
by a source per second in all directions through unit solid angle is 
called luminous intensity of the source. 

The unit of luminous intensity is candela (cd) (formerly candle 
power). 

2. Illuminance at a point of a surface : The amount of light 
falling in 1 second normally on unit area surrounding a point is 
called [luminance (formerly Intensity of illumination) of the surface 
at that point. The unit of illuminance is /ux (lx) (formerly metre 
candle). 


3. Law of photometry: If a surface is illuminated by a source 
of luminous intensity P froma distance r, then illuminance of the 
surface is given by 

pak cos 


a where i is the angle of incidence 


of light on the surface. 


If light falls normally on the surface, then i=0 and 


F 
I Sa lux (lx). 


4. Principle! of photometers : Photometers are devices to constant 
illuminating. powers of sources, The sources of light are placed at 
certain distance from a surface (a grease spot in Bunsen’s photo- 
meter, a white screen in Rumford’s photometer) and then distance 
of one of them is adjusted till the two produce equal illuminance on 
the same surface. If P, and P, are the illuminating powers of the 
sources and rı and rą are their distances when they produce equal 


illuminance, we have —1=-2, 


5. Luminance or Brightness: The amount of light emitted by 
unit area of an extended source along the normal in unit time is 
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called its luminance. If ZL is the luminance of the surface of an 
extended source, its luminous intensity in a particular direction is 
given by P==L AS cos0 where @ is the angle between normal to AS 
and that particular direction. 
B (brightness) ==L. 
6. Luminous flux : If J is the energy current density, i.e., intensity 
> > 

of the light wave, then Z. AS is called the luminous flux through 


> > => > 
AS. Thus Ap=T.AS'andio =E IAS =E AS cosb 
Unit, Lumen (lm). 
EXAMPLES 


Ex. 1. Two 16 candela lamps are placed on the same side of a 
screen at distances 2 m and 5 m from it. Calculate the distance at 
which a single 32 candela lamp must be placed in order to give the 
same intensity of illumination. 


Sol. The illuminance on the screen due to the two lamps, 


16 16 ea eas 
= ss =4+ igs 64 lux. 


Let x be the required distance of 32 candela lamp. 
Av agent hi S82 aba Ans. 
Then 464=—5 or x= | ea 263m. 


2 
Ex. 2. Two lamps balance on the shadow photometer at distances 
of 0°60 m and 0:42 m from the screen. The stronger is then covered 
with a glass shade which transmits 80% of the incident light. How 
far must the other lamp be displaced in order to restore balance ? ~ 


Sol. Let P, and P, be the luminous intensities of the sources. 


Py Ba “By 60's 
Then oye ae Pee 
Obviously SG P> Pa 


When P, is covered by the glass shade, its luminous’ intensity is 


reduced to °° p, or *8P1. 


100 
Let x be the distance of P, when the balance is restored. 
st gh oie 
cae Or at Py BH 
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602 608 gurr sá 

AT TRE R x S o E F 

The other lamp has to be displaced by -47—‘42=-05 m 
=5 cm away from the screen. Ans, 


Ex. 3. A lamp of 120 candela hangs at a height of 4 m exactly 
above the centre of a circular table of diameter 6 in. Calculate the 
illuminance at the centre and at the edge of the table. 


Sol. In general; r=? where i is the angle of incidence. 


For the centre of the table i=0°. 


Bz i6 =7:5 lux. Ans. 
For the edge, cos i= RA Mg HAT \ 
: VEF 5 
pi dee xsi _120x4 _ 3.34 lux. Ans. 
(V4 F35? 


Ex. 4. A conyex lens of diameter D and focal length f projects 
a small object at a great distance from the lens on to a screen. Cal- 
culate the illuminance of the image in terms of luminance L of the 
object, diameter D and focal length f. 

Sol. When the object is at a large distance, the image is formed 
at the focal plane of the lens. The magnification is m ats ff 

u 
where R is the radius of the ect (considered-asa small disc) and 
ris the radius of the image. The object will behave like a point 
object of luminous intensity P along the axis given by 
: P=tLAS cos 0°=L xR’. 
By definition this is the amount of luminous flux through unit solid 


2 
angle. . Therefore, luminous flux through the lens is 9=PX~ re 


D? 
is l O tiara Hon ). 
( Usa ai aie distance? 4u? 


This flux is concentrated on the areá of the image. 


Illuminance of the image = z = e Tar: Ans. 


BE 
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EXERCISES 
(A) 


1. An electric Jamp hangs 3 m above one end of a table 4 m long. 
Compare intensity of iflumination at the two ends of the table. 
(Ans, 4°6.: 1) 
2:-Two sources of lights of illuminating powers in the ratio 1 : 2are 
placed onaline 2 metre apart. At what point is the space between them 
equally illuminated ? (Ans, 1:17 m from the stronger source) 
3. In the grease spot photometer a lamp having a dirty chimney is 
found to balance an electric lamp of constant illuminating power at a distance 
of 1 m from the spot. When the chimney is cleaned, the electric lamp has to 
be shifted by.2 cm to obtain a balance. Calculate the percentage of light 
absorbed by the chimney. (Ans. 36%) 
4. A photographic print is found satisfactory when the exposure was 
for 16's at a distance of 20 cm from.a 25 watt lamp. At what distance 
must the same paper be held from a50 watt lamp in order that) an exposure 
of 25 sec will give the same result ? s (Ans. 3574 cm) 
5. A lamp of luminous intensity 50 candela is placed at a distance of 
1m from a wall, What is the illuminance of the wall directly in front of 
the lamp ? If another lamp of 100 cd is placed on the same line at a distance 
125 cm, what is tne illuminance now ? (Ans. 50 lux; 114 lux) 
6. A book placed at a distance of 30 cm from a candle can be read. 
What is the maximum distance at which lamp of- 32 candela can be placed 
for reading the book ? : (Ans. 1:697 m) 
7. A screen is illuminated by a lamp which is one metre away. A 
sheet of glass is Placed between the screen and the lamp which has to be 
moved 10 cm nearer to maintain the same intensity of illumination as before. 
What fraction of light is absorbed by sheet of glass ? (Ans. 19%) 
8. A lamp of luminous intensity 100 cd is held at a distance of 2 m 
from a vertical wall. A plane mirror is fixed On the opposite wall which is 


at a distanco of 4 m from the lamp. Calculate the illuminance on the wall 


opposite to the mirror at a point on the horizontal line through the lamp. 


Also calculate the luminous flux on a small area +02 m? surrounding the point. 
(Ans. 26 1x, <52 Im) 


(B) 

9. An infinite number of lamps, each of luminous intensity 100 cd 
are placed 1 m apart in a horizontal line perpendicular to â wall, the nearest 
lamp being 1 m from the wall. Calculate the illuminance on the wall at a 
point on the wall lying on the line through the lamps. 

28 . 
Given that £ 1/n*=n*/6- (Ans. 164°5 lux) 
0 

10. At what height should a lamp be hung above the centre of a round 

table of radius R to obtain the maximum illumination on its edges 2 


376 NUMERICAL EXAMPLES IN PHYSICS 


11. A cylindrical hall of diameter D and height A is illuminated by a 
lamp fixed at the centre of the ceiling. Compare the minimum -illumination of 
the wall and of the floor. ve D 

Ans. = 
\ 2h 

12. A point light source illuminates a screen, the maximum illuminance 
being J,. How will the illuminance of this point change if aiarge plane mirror 
of 100% reflectance is placed behind the source at half the distance between 
the source and the screen ? 5 

r (ans. 5h) 


13. A small lamp having the form of a uniformly luminous sphere of 
radius R—6 cm is suspended at a height h=3 m above the floor. The -lumi- 
nance of the lamp is equal to L=2104 cd/m*. Find the illuminance of the 
floor below the lamp. A (Ans. 25 1x) 

(Hint : P=ELAS cosĝ=LxnTR?) 

14. Street lamps of 10 cm diameter and 1:8 10° cd/m? luminance 
are suspended ata height of 12 m, the distance between them being 40 m. 
Find the illuminance under each lamp and mid-way between them. 

(Ans, 10°38 1x; 2°7 Ix) 


O00 


MAGNETISM 


CHAPTER 1 
INTRODUCTORY NOTES 


T Introduction : Usually Coulombs law of force between two 
magnetic poles is taken as the starting point from which one develops 
all ‘magnetic’ terms and equations. This law as basis has been objec- 
ted mainly due to two reasons, firstly that the very concept of so 
called magnetic, ‘pole, is not clear and its realisation in isolated state 
1S impossible; secondly, that it is now an established fact that the 
pagnetic effects of magnetised matter are due to its revolving or 
spinning electrons. Hence it is quite reasonable that we turn to 
electricity to base the magnetic terms and equations on the general 
law of force between currents or moving charges. 


2. Current element and a moving charged particle : A short conduc- 
tor carrying current is termed as current element. If Alis the length 
of conductor and J is the current through it then we say that current 
element is JA/ ampere metre (Am). A moving positive charge qo of 
velocity v is as good as a current element of ‘qv’ ampere metre (Am). 


3. Ampere’s law of current-current interaction : 
nts attract and unlike parallel currents repel. 


(i) Like parallel curre 
(ii) The force of attraction between two like parallel current elements 
ct of current elements, inversely 


in a vacuum is proportional to the produ 
proportional to the square of the distance between them and propor- 
tional to the ‘sine’ of the angle between either element and the line 
joining them. The direction of the force exerted by the first on the 
second is perpendicular to the second and directed towards the line 
of extension of the first and that of the force exerted on the first by 
the second is perpendicular to the first and directed towards the line 


of extension of the second. 


_ Suppose Ahi and Alp are two parallel current elements at a 
distance r from each other. 
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07 Then AFoc hAL (AL) 
AF, ha 
bb,Ab~@-—— 1 
A 7 
r oc sind 
v4 
4 . 52 AR». ADU Ah) sing 
Lal - ar ý 
ety — —> DF, ats hs: (1) 
Fig. 1-1 where m is a universal constant called 


‘universal magnetic constant’. In SI itis set to 4m 10-7 and the 
unit of current, namely, ampere is defined from this formula. It is 


also called ‘permeability of vacuum’ or air. i is introduced in (1) 


just to ‘rationalise’ it. 

When the same current elements are submerged in an extended 
homogeneous material medium, the force between them is changed. 
The ratio of the force between two given current elements in the 
material medium to the force between the same two elements in 
the same position of the elements when the material medium is 
replaced by vacuum or air is called the relative permeability of the 


medium. It is denoted by ur. 


Thus, w= Se or AF=pr Afo 
on arate. (L A Ah) sind . Q) 
a AF=— i AI Ab) sind ey. (2B) 


where p =poHr, ` OF m=, ur is thus ratio of the permeability of 
0 


the medium to the permeability of yacuum or air. This is why it is 
called the relative permeability and p is called the absolute permea- 
bility of the medium, ur has no unit but u has definite unit. It is 
henry per metre (Hm-’). 

4. Magnetic field and its unit: A magnetic field of strength B is 
said to exist at a point if a current element placed at that point or & 
moving positive charge passing through that point experiences side- 
ways force given in magnitude by the formula 

AF=IALB sinf or AF=qwB sinp 


where B is the angle between A/ and B or vand Band in direction 
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by the direction of translational of a screw perpendicular to the element 
or the direction of the moving positive charge and the magnetic field 


and rotating from the former to the latter through the smaller angle. 
> > > 


In vector notation, AF=1 ALK B or gv X B- 

The unit of magnetic field in SI is newton per ampere metre 
(N/Am) or tesla (T). Tesla is in common use. 

AF 

Hence AB= thle tesla tata 

5. Biot-Savart-Laplace’s law (BSL Jaw) : This law derivable from 
Ampere’s law of current-curre nt interaction gives the magnitude and 
the direction of the magnetic field due to a current element. Accor- 
ding to this law the magnetic field due to a current clement in 
vacuum is given by 

uo ZAL sina 


AB=5 Sos . @ 


in the direction of a screw perpen- 
a ee > K 
dicular to AŽ and r and. rotating 


> > A 

from AZ to r through the smaller 

angle. s > $ 

TATR 1 op te LAL 
2 ? 


If 
= 


where r is the unit vector along r- : 
6. H-vector of a magnetic field : The maximum force experienced 

by a unit current element is defined as the B-vector of the magnetic 
field. We see from Ampere’s law that the force of interaction between 
two current elements depends not only on the lengths and strength 
of current elements but also on the medium between the two. Hence 
the force experienced by a test current element or moving test charge 
will not only depend on the ‘prime’ current element but also on the 
medium, The medium affects the force on the test element by re- 


shuffling of its atomic current loops. The phenomenon of reshuffling 


of atomic current loops due to, the presence of the ‘prime current’ is 


called magnetic induction. This is why B-vector is also called the 


magnetic induction field. “A vector multiplied by scalar is also vector 


of the same direction but of different magnitude and dimension. 


Thus we may introduce any number of auxiliary of vectors by intro- 


ducing a scalar with the B-vector. The auxiliary vector obtained by 


Vectorially, ABs = 
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multiplying B-vector by for vacuum and L for any other medium 
Bo. H 


is called H-vector or intensity veetor of the field: “The characteristic 
property of this vector is that it depends solely on the prime element 
and not on the medium. The second characteristic property of this 
vector is that it is this vector which originates or terminates from 
_Magnetic Poles. 
=> > 

Thus, by definition, B= H. 

We have already seen that B-vector at a point due to a prime 
element (IAJ) is given by ~ 


AB=%2. Lalxr or w ZAX à 


an tae Arie T? 
The corresponding H-vector is given by 
z1 IATX r 1 IAT xr 5 
AH ran las aa eae Peel 


The unit of H-vector (or field) is ampere per metre (Am). 
_ 7, Magnetic Moment of a Current Loop and its unit : 


_ It can be shown on the basis of Ampere’s law that when a 


current loop is, kept in a magnetic field it experiences a torque 
given by 


1=ISB sino 

where J=current ‘through loop, 
S=area of loop, B=magnetic field 
— in tesla and o=angle between 
normal’ to loop and B: (See 
author’s Introductory Physics, Part 

II, Ch II) 
The quantity ‘7S’ which is 
Fig. 1-3 obviously the torque experienced 
by the loop when its normal is at 
right angles to a unit uniform magnetic field is defined as the magnetic 
moment of the loop in Sommerfeld system of units. An alternative 

system due to Kenelly uses the relation 


+= L (m IS)B sino 
Ho 


and takes (upZS) as the magnetic moment of a loop. We, however, © 
follow Sommerfeld system of units. ; 
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Thus magnetic moment of a current loop (m)=ZS ampere metre? 
.. (6). 

We know that an area may be considered 

as a vector along the normal in the direction 

of traverse of the contour around the area by a 1s 

screw. Hence magnetic moment of a loop is 

also a vector of magnitude ‘IS? along the 

normal in the direction of traverse of the 

contour around the loop by a screw. Vectori- 

ally, therefore, Fig. 1-4 


> i — 
m (magnetic moment of a loop)=I S 
> > > > SD 
and 1=1 SXB=mxB (7). 
8. Magnetic Potential Energy of a Current Loop ina Magnetic 
Field : The magnetic potential energy of a current loop in any 
position is the work done by an external agent to turn the loop 


from its zero-energy position to the given position. We take by 
convention 0= 5 as the zero-energy position. 
“0 è i 
v=) =f mB sino. do= —mB cosè joule (J) -- (8). 


n/2 n/2 


In vector notation this relation can be written as 
>> 
U= -—m. B. 


Equation (8) provides us an alternative unit of magnetic moment, 


Here, m= u is in joule (J) and B is in tesla. Hence alter- 


U 
B cose 
native unit of magnetic moment is joule per tesla (JT). 

9, Gauss’s Flux Theorem: T his theorem states that the magnetic 
induction flux across any closed surface drawn in a magnetic field 


is zero, That is, fz. ds=0 where ‘CS’ stands for ‘closed surface’. 
cs 7 


This theorem is of universal applicability. According to this theorem 
‘source’ and ‘sink? of B-vector occur in equal amount in any close 
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space so that on the whole it contains neither ‘source’ nor ‘sink’ of 
B-vector. 


10. Ampere’s Circuital Law: This theorem. states that. the line 
integral of B-vector along any closed path (CP) drawn in a magnetic 
field is equal to pọ times the total current enclosed, by that path. 


That is, fz. di- Hol. 
cP 


11. Magnetic Charge or Pole: According to the above two 
fundamental laws of magnetism, the transverse ends (perpendicular 
to the direction of magnetisation of a magnetised body) are either 
source or sink of H-vector because the flux of H-vector across a 
closed surface enclosing the free ends is not zero. Just as electric 
positive and negative charges are ‘source’ and ‘sink’ of electric field 
vector, the H-vector must be due to similar magnetic charges 
situated at the free transverse ends of the magnetised body. These 
are called magnetic charges or poles. For details’ see author’s 
Introductory Physics, Part II, Magnetism, Ch IJ. If M is the magneti- 
sation, that is, algebraic sum of magnetic moments of electronic 
current loops per unit volume and S is the area of cross-section, 
then the pole strength of the magnetised body is 

qm=MS ampere metre (Am) ga) 


EXAMPLES 


Ex. 1. A current element of strength 2x10-* Am is at the 

= corner A of a cube ABCDEFGH of 
side length 10 cm, the element lying 
along AB. Calculate the B-field and 
H-field of the element: at the diago- 
nally opposite corner G of the cube. 


Sol. Here, r= y IO FIOI 
= 10/3 cm=104/3x 10 m. 

The inclination of the diagonal 
with the edge (taken as x-axis) is 


given by, tano= vee =V/2 


Cs here x=y=2) 
sin 0 =4/2/3= 6667 = "8162 (taken from log table): ° 
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“3 TAlsin8 -7 (2X 10-4) x 8162 
pate | Se Oe 
AB = aK r? i (10/3 x 10)? 


= — x 10-8 = 5°44. 10-9 tesla, Ans. 


The direction is ‘out of the plane’ of the triangle ABG. 


oa AB _ 544x107 _ 33 ay a 
AH dmx 10-7 433x107 Am“. Ans. 

Ex. 2. Calculate the mass of a charged particle which will have 
its horizontal yelocity at right angles to the magnetic meridian un- 
changed. Charge of the particle=49 x 10~ C. Earth's horizontal 
intensity =36 x 10-8 T and velocity of particle=4 x 10‘ ms™. 


Sol, When the magnetic force experienced by the particle will 
balance its weight, it will suffer no deflection and its velocity will 
remain unchanged., 

Fin =QovB sin 0 =o; | 
_ qB sing _ 49x 10 x4 104 36 x 10-8. sin 90° 
OO: ier a 98 í 

or o= T 2X0 mE: 

Ex. 3..In a hydrogen atom an electron carrying 16x 10- 
coulomb (C). charge makes 6x 10% revolutions per second. What is 


the magnetic moment associated with this orbital motion of the 
electron ? (radius of the orbit ="5A°). 


Sol. Z (current in the ` orbit) =6 x 10% x 1°6 x 10-19 =9°6 x 10-4 
ampere (A). 
Therefore, magnetic moment (m) =IS=Inr? 
=9°6 x 10-4 x 3°142(75 x 10719)? 
C:  1A°= 10-29 m) 
=7:54x 10-4 Am? or JT-. Ans. 


Ex. 4. The coil of a galvanometer has 500 turns and each turn 
is of average area 3X10“ m°: Calculate the magnetic moment of the 
coil when a current of 4 ampere is passed through it. Ifa torque of 
1:5 Nm is required: to place this coil carrying same current to set it 
parallel to a magnetic field, calculate the strength of the magnetic 
field, 
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Sol. Magnetic moment of a current loop=area x current Am? 
=3x10-* x $ x 500 Am? 
='075 Am?. 

We have, t= ĪSB sino 


where t=torque, I= current in ampere, S=area and B=magnetic 
field and:'0=angle between B and normal to S, 


Here, @=90° 
: 1°5=4(3 x 10-* x 500)B sin90° 
Mes Sete yy 
or B= 3x5x107 T 20 tesla (T). Ans. 


Ex. 5. A current loop of magnetic moment 02 Am? (or JT) is 
suspended freely in a magnetic field. In which position will it rest in 
the magnetic field ? From this position of rest if it is turned through 
60°, what is the work done ? (B="2 tesla) 


‘Sol: The torque on the loop is,t=ISB sino. Obviously the 
loop will rest in that position where r=0. This needs sin¢=9 or 0=0°. 
in this position, magnetic potential energy= —mB cos0°= —mB. 
When it has been rotated through 60°, magnetic potential 
energy = —mB cos60°. 
Change in potential energy =(—mBcos 60°) —(—mB) 
=mB(1 —cos 60°) = mB.}. 
<. Work done in turning=change in potential energy ="02 x 2.3 
='002 joule, ` Ans. 


Ex. 6. A ball is suspended by a thread 1 m long and is then 
charged with +'1 microcoulomb. It is then whirled very rapidly in 
a vertical plane at right angles to the magnetic meridian at the rate 
10 revolutions per second. What is the magnetic moment associated 
with this motion of ball ? If to an observer to the north of it, the 
ball appears to rotate in clockwise direction, what is the specific 
direction of this magnetic moment ? 


Sol. The current associated with the motion is 
-6 
=4=—~— =10-* ampere. 


` .m=area x current =n1? x 10-*=3'14 x 10-8 Am?. 
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It is at right angles to the plane of rotation of ball and specifically 
from north to south. Ans, 


Fig. 1-6. 


Ex. 7. A rod of transverse: section 3 10-* m? is magnetised to 
saturation lengthwise by a strong magnetic field. The magnetic moment 
of each atom of the material of the rod is 10 up (ti is the Bohr magneton). 
Calculate the pole strength of the rod if its length is 10 cm. There are 
5< 102 atoms per unit volume of the rod. (un=9*2 x 10-*4 Am?) 


Sol. M (magnetisation of the rod)= 5x 10° x 10 =5 x 10", 
=5 x 102x92 x 10-*4 Am™ 


=°46 Am. 
Pole strength of the rod= MS="46x 3x10 
3 = 1°38 x 10-6 Am. Ans. 
EXERCISES 


(A) 
1. A current element of 2 milliampere metre is at the corner A of a unit, cube 
ABCDEFGH, the element being along AB. Calculate the field at thie remaining 
seven corners of the cube (Fig. 1.5). i 


si 
(Ans. at the corner B, field is zero; at C='7X 107" T along GC; 
at D2 10-1 T'along HD; at E=2x10-"T along EH; 


at F=*7<10-*° along FG; at G="5443 x 10-° T perpendicular ‘out of the 
plane’ of the triangle ABG; at H=2x10-” T out of the plane of the triangle 

ABH) 

2. Two current elements 2X 10-* Am and 5x10-* Am are placed at the 
vertices A and B of an equilateral triangle along AB in the am sense. Calculate 
th i _ (Each side of the triangle measures 10 cm) : 

e magnetic field at C. ( a Ee 
¢ f ing 10— ampere lie at the 

| 3. Four current elements of length 01 cm and carrying 1 

four corners of a square ABCD along AB, BC, cD and DA. Calculate the 

magnetic field at the centre of the square. Bach side of the square=10 cm. ; 

(Ans. 5°6 10-1? T along the normal to the square anc out of the plane of it) 


N. E. P.-25 
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4. A current element of *2 Am is fixed at the centre of a circle of radius 
10cm. Another element of strength “5 Am is placed along the circumference of 
the circle and taken once round the circle. At which positions will they exert 
maximum and minimum force on each other ? Calculate these forces. 


[Ans. maximum when the latter is parallel to the first and minimum when it is 
Perpendicular to the previous one, 10-6 newton (maximum) and zero (minimum)). 
5. Two current elements of strengths ‘2 Am and*4 Am form a cross at the 
centre of a circle of radius 10 cm. Calculate the magnetic field at a point on the 
circle 30° away (anticlockwise) from the first element. 
(Ans. 2°46 107° tesla, along the normal to the circle and towards its plane) 


6. Calculate the force experienced. by an electron when it enters into a uni- 
form magnetic field of strength 2 tesla with velocity *2 x108 ms- at right angles 
to the field. Whar kind of motion will it have in the magnetic field ? (Charge of 
electron=1°6X 10-1" coulomb.) ; 


(Ans. 6:4 10-1? newton, circular motion because magnetic force is always 
perpendicular to velocity) 


7. An electron of velocity 210° ms-?. is moving in a magnetic field of 
strength 1 tesla making an angle 45° with it. Find the magnitude and direction 
of the magnetic force experienced by it. Charge of electron= 16x107” C: 


> > => 

(Hint > F =4 v XB.) (Ans. 2:26 10-" N) 

8. A ball having a mass of 2x10-* kg carries a charge of 2x 10-8 C. This 
ball is given an initial horizontal velocity 5x 104 ms~? in the earth’s gravitational 
field. What is the magnetic field required to keep the ball moving without 
deflection ? : 

{Hint : Fm (magnetic force)=qovB sinb=og} (Ans. 19°6 tesla) 

9, The plane of a rectangular coil of wire of dimensions “05 mx*10 m and 
carrying a current of 10 A, is parallel to a magnetic field of ‘1 tesla. What is the 
torque on the coil ? What will be the torque when the normal to the coil makes 
an angle of 30° with the direction of the field ? (Ans. 510-* Nm, 2:5 10-* Nm) 


10. Considering =F as the zero energy position. of a ‘current loop of 


` magnetic moment m placed in a magnetic field of strength B, find the minimum 
potential energy. In what position ? Is this an equilibrium position ? What will 
be the work done in turning it through a from this position ? Examine whether 
you get the same position for equilibrium and same value for work done if 0=0 
is taken as zero-energy position. i ; 


. [Ans. —mB; when 0=0 i.e; coil plane is perpendicular to B and its axis is 
along B; yes, because t=0 in this position; mB(1—coso)] 


(B) 


11, A thin disc of dielectric material, having a total charge +4 distributed 


uniformly over its surface rotates with angular speed @ about an axis perpendi- 
cular to the disc and passing through its centre, - Find the magnetic moment of 
the disc. The radius of the disc is r. 
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[Hint : Consider a ring of radius x and thickness dx. Calculate charge on it 
and then the current constituted by its rotation. Find its magnetic moment and 
integrate for the whole disc.] (Ans. 1/4 qor?) 

12. A ring of dielectric material, having a total charge +g distributed 
uniformly over its surface, rotates with angular speed ©. Find the magnetic 
moment of the ring. - (Ans. 1/2 gor*) 

13. Electric charge +q is uniformly distributed over the entire volume of a 
sphere of radiusr. Calculate the magnetic moment of the sphere if it spins 
about its diameter with angular speed œ. ; (Ans. $ qor’) 


onn 


CHAPTER 2 


‘MAGNETIC INDUCTION 


1. Magnetic Induction : Wherever we may fix up a closed con- 
ductor there is always a material medium ` surrounding it and that 
medium is air. If we like we may, however, partly or completely 
remove air by some other material medium. Now whatever may be 
the surrounding medium we may depict it as an assemblage of large 
number of electronic current loops of magnetic moment =‘ixs’ Am? 
arranged in a random way due to thermal agitation of atoms. Here 
i is the current constituted by the orbital motion of the electron and 


s is the area of the orbit. When we pass current through the con- ; 


ductor all these tiny loops are reshuffled and aligned (not necessarily in 
the direction of the field due to current) with their moments in the 
same direction. This alignment of electronic current loops is known as 
magnetic induction. i 


2. Intensity of magnetisation or simply magnetisation : Due to 
magnetic induction the magnetised matter will have magnetic moment 
everywhere. This magnetic moment per unit volume is called mag- 
netisation of matter. This is denoted by M. 


m -V where m=magnetic moment of the body of matter, 
M V =volume of the body of matter. 


For simplicity sake let us consider matter in the form of a ring 
surrounded by a solenoidal conductor, fig. 2.1 (a). When we pass 
current through it, matter in the ring is magnetised. Let us consi 


der a transverse section of the ring. The small circles in the figure 


2.1 (b) represents the electronic circuits. Except at the periphery of 
the section, every portion of each circuit is adjacent to another 
circuit in which at the points of contact the current is in opposite 
direction. Hence at interior points the currents mutually cancel each 
other. The outer portions of the outermost circuits, however, are 
uncompensated and therefore the whole net work of electroni 
circuits is equivalent to a current in the periphery of the section as 
hown in fig. 2-1 (c). 
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Fig. 2-1 (b). i Fig. 2-1 (c). 

This current is called ‘surface current’. From this we conclude 
that the existence of magnetisation within a medium implies the 
existence of surface current. 

Let us consider a short length A/ofthe ----at--+ 
ring, 

Suppose /Am=magnetic moment of this ae 
element of the ring; S=area of cross-section. 


Then M= S or Am=MSAl. Fig. 2-2 
Let us replace this by a cylindrical shell of the same length and 
sectional area and imagine a current J circulating round it. Then this 
current will have magnetic moment JS. — 
MSAI=IS, or MAI=T 


rie AMARE I. 
or ies oF J= m, WARIS CR 3 
This ‘J’ is called ‘surface current density’. — We 


Thus ‘a magnetised matter of magnetisation Fig. 2-3 
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M is equivalent to a surface current of density equal to magnetisation 
itself”. 

3. Relation of B and M: Consider the dotted closed path in 
figure (a) and apply Ampere’s circuital law to this path. Now, 


> BA iz = BAI cos0°=BE Al=Bl where J=length of the 
dotted path.. If n=number of turns of the solenoid-per unit length 
then current enclosed by the dotted path=nlJ-+/M. | 
By Ampere’s circuital law, BL =p (AlI +1M) 
or B=p,(nI+-M). \ 
Now ‘nP is the H-vector of the magnetic field due to solenoid al 
current. 
B= (H+M). p- 
4. Permeability of medium : In some substances (like diamagnetic | 
and magnetic substances) B is proportional to M and hence 
proportional to H as well but in some (like ferromagnetic substances) | 
this is not true. Even then we put for all substances B=u H = pour H | 
and say that p is a constant of the medium which is independent of 
H in some substances and dependent in case of some other. This 
constant is called permeability of the medium. pp is also a constant — 
of the medium called relative permeability of the medium. ‘ 
5. Magnetic susceptibility (km) : The ratio of magnetisation (M) 
to the H-vector of magnetic field is called magnetic susceptibility 
(km). 


Km= Fe Km has no unit as it is the ratio of two quantities” 


having the same unit namely Am=1. 
6. Relation pp and xm: We have, B=p.(H+M). 
ae B M 
Dividing by H Z = el 
ing by H we haye; H w(i+M), 
Holtr=Ho(+Km), OF Hy=Km-+1 
or Km = ur i 
EXAMPLES 


Ex. 1. An iron bar ‘1m long ow being placed with its lengt i 
parallel to a uniform magnetic field of 10 Am-1 is magnetised and the 
strength of the field due to the bar at a point on its axis is at a distan e 
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‘30 m from its middle point is found to be ‘25x107 tesla. If the 
cross-section of the bar is -3x10-*m®*, calculate magnetic suscepti- 
bility of iron. 

Sol. B= oa aR 


dn (EP? where m=magnetic moment of the bar 


2mx'3 


& +25 X:10tx 08753 
6 


or ZIX IOE 


m =:0319 Am, 


m 0319 e 
i axe 


=1:0633 x 104 Am=*. 
aM _ 10633108 _ 1963-3, - Ans. 


H 10 


Ex. 2. The magnetic moment of a steel bar-magnet weighing 66 gm 
is 25 Am?. If the density of steel is 7900 kg/m*, find the intensity 
of magnetisation. — 


M (magnetisation)= 


6610-66, 05s 

Sol. Vs 7900 7X10 më, 

Mat aee Aan ted ARI A Aus. 
y 32x 105 66 


Ex. 3. A ring made of annealed iron has winding of insulated 
copper wire of 1000 turns to the metre. When the current in the 
winding is *15 A, the field inside the ring is 1°0 T. Calculate relative 
permeability and magnetic susceptibility of annealed iron. 


Sol. H=nI=1000x‘15=150 Am—. 
ee ey 
us e 
silage fo 
2 bebo = T50 
1 _ 10" _ 10° 5304 hens 
Oh Mr= 50 xdex 10-7  600n 6r | 
foe ees. Aus 
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EXERCISES 
(A) 


1. A magnet of magnetic moment 3 Am? weighs 75 gm. If the density of the 
material of the magnet is 7900 kgm-, find its magnetisation. 

(Ans. 3°16 x 105 Am-}) 

2. A ring of iron of permeability 8'2 x 10-2 henry per metre has 500 windings 

onit. The mean circumference of the ring is 50 cm. It carries a current of 100 

mA. Calculate, (i) the magnetic field H, (ii) the magnetic field B inside core, 

(iii) the relative Permeability of the core. (iv) By what factor is the magnetic field 


B due to the electronic loop currents in the core greater than that due to free 
current ? 


[ am : @ H=al, (ii) B=pH, (iii) pes i, (iv) Required factor = nT =X. 
0 


[Ans, (i) 100 Am-, (ii) -82 T, Gii) 6°5 x 10%, (iv) 6°5 x 10°] 
3. The dipole moment of an iron atom is 1-8 x 10-3 Am?. If all the atoms of 
an iron rod of length 10 cm and diameter 1 cm are aligned along its length, what 
is the dipole moment of the bar ? (Density of iron is 7870 kgm-%, and its atomic 
weight is 55-87 and Avogadro’s number=6-02 x10 kg mol-1) (Ans. 12:0 Am’) 
4. A heavy steel beam of length 10 m and area of cross-section ‘25 m? runs 
Parallel to the magnetic meridian. The horizontal component of H-field of earth 
is 30 Am-}, A small compass needle is moved along the vertical line passing 
through the middle point of the beam andis found.to turn through 180° at a 
distance 5 m from it. Calculate the intensity of magnetisation of the bar and also 
Susceptibility of its material. (Ans, 5:3 104 Am7?; 1767) 
5. A ring has a cross-section 2 cm’, a mean length 30 cm and is wound with 
400 turns. Find the current in the winding that is required to set up a magnetic 
field of “1 tesla in the ring. (Permeability of the material of the ring—=16x 10-! 
Hm?) p (Ans. ‘046 A) 
6. A solenoid of length 20 cm contains 150 turns, Ifa rod of mild steel of 
volume 2 cc. and relative Permeability 2000 is placed at the centre of the 
solenoid and 1 ampere current is passed through the solenoid, what maximum 
magnetic moment will be acquired by the rod ? 


(sine: H=nl; Kn= fos n=l.) (Ans, 3.Am*) 


(B) 
7. A current flows uniformly along a solid rod of radius R. Show that 


the B-field inside this rod, at a distance r from the axis, is B= Hate 


[Hint : Apply Ampere’s circuital Jaw.) 


oag 


CHAPTER 3 


MAGNETIC FIELD AND POTENTIAL 


1. With the formalism developed in the way indicated in the 
introductory notes we can now take up the magnetic effect of mag- 
netised matter (magnets) introducing ‘poles’ of a magnetised body 
as only a mathematical artifice which are the ‘sources’ and ‘sinks’ of 
magnetic H-vector. A ‘north pole’ is the ‘source’ of magnetic 
H-lines and a ‘south pole’ is the ‘sink’ of H-lines. A magnet of mag- 
netisation M and.area of cross-section S will have pole strength 
(qm) given by dm= MS ampere metre (Am). see) 


2. Coulomb’s law of force : The law states that the force between 
two magnetic poles gm and gm situated d distance apart is given 
1 2 


by F= Her — where pp is the relative permeability of the 
T 


medium between the poles and po is the permeability of vacuum 
4n 10-7 henry per metre (Hm). 


Unit magnetic pole : The force between two magnetic poles in a 


Ym, Im, 


i = d d= HO. 
vacuum is Fo Be =land d=1 m, then F os 


ait qm, “Im, 


=10-7N, Thus in SI unit magnetic pole is defined as the one which 
situated at 1 m distance in a vacuum from an equal pole experiences a 
force of 10-7 newton, Alternatively, it can be defined as that pole 
strength which placed in a unit magnetic field experiences a force of 
1 newton, Unit, ampere-metre (Am). 


3. Magnetic moment of a magnet : 
If a magnet of pole strength gm and length 
2l is placed in a uniform magnetic field of 
strength B, it experiences a torque given 
by 1=2qmlB sind: F 5 
when 9 is the angle between the magnelica@—ey n T 


ficld and the axis (SN) of the magnet. Fig. 3-1 
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The quantity ‘2qml’ which is obviously the torque experienced by 
the magnet when it is perpendicular to a unit uniform magnetic field is 
defined as the ‘magnetic moment’ of magnet. 

Thus m (magnetic moment of the magnet) 

=2qml ampere metre? (Am?) ee. 
(torque on the magnet) = mBsing newton metre (Nm). .. (3) 


4. Potential energy of a magnet in a magnetic field : The magnetic 
potential energy of a magnet in any position @ is the work that an 
external agent must do to turn the magnet from its zero energy 
position (@=0°) to the given position. 

o 


Thus U -j mB sine do =mB(1 —cosé) joule (J). 


U=mB(1—cos0) J. rar (a) 
5. Field due to a bar magnet : 


(a) End-on position : The magnetic field at a point situated on the 


axis at a distance ‘d’ from the centre of a bar magnet of moment m 
is given by 


Bo 2md 2md E 
in’ (E-F tesla (ty and HoT. E-P Am-}. .. (5) 


(b) Broad-side-on position.: Ata point situated on the perpendi- 


cular bisector at a distance d from the centre of the magnet is 


given by 
Babe U7 test ape ki, e a Sao) 
Mis ind ape esla (T) an T SGS m ( 
EXAMPLES 


Ex. 1. A bar magnet is*1 m long and has poles of strength 50 Am. 
What is the magnetic B-field at a point on its axis ‘15 m from its 
centre ? Also calculate H-field at that point. 


u 2md ld E = 
Sol. We have, B=% . rte =H g gear C m=2qml) 


¥ 74x 50x05 x °15 paca |: g a5 
oe B= 10" — iss 05F C ga 10-7 Hm 3) 


or B=3:75x 10-4: : Ans. 
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= 298 Am7}, Ans. 

m 4ex 10 p 

Ex. 2. The intensities of magnetic field at two points on the axis 

of a bar magnet at distances of 10 cm and 20 cm respectively from the 

middle point of the magnet are in the ratio 18 : 1. Find the distance 
between the poles of the magnet. 


Sol. We have for the magnetic field at a point on the axis of a 


sho 2nd 
bar magnet, B= in A 
g to 2m.10x102. p Ho 2m.20 x 10-2 
15 an. (= PPO”? A an” (20-10 
pea 2 
Be: B= ge : OSE 
But Bye B= 18k. 
2 
18 (20°-P?)? (=? 
Tagore oF 39° ER) 
400 —7? 


or 6= or 600—6/=400—P, or 5P=200 


100-2 ’? 
or =40, or 1=/40=6°325. 
<. Length of magnet=2/=2 x 6325= 12650 cm="1265 m. Ans. 
Ex. 3. A neutral point is found on the prolongation of the axis nn 
a bar magnet at a distance of 10 cm from the nearer pole. If a A 
length of the bar be 10 cm and H= 28 Am7, find the pole strengt of 
the magnet. : 
Sol. Neutral point is that point where the earth's mn TR 7 
neutralised by the magnetic field of the magnet. eid Buk ar 
of earth’s magnetic field is given we will use expression eg 
à pA SE 
ue to a magnet. We have, M= Fp" (E-F 
At the neutral point, H of magnet= H of earth. 
1. g2md viag mie aars A ae, 
m ey 
155 cm=5x 10-2 m. 
an 28 x (15—59 x 10t _ 4x 28X2 x o= 
_4nx28 L(A 
m 2x 15x107 ey 
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—_ 4x 22 x 20? « 10-4 


aie 2 
or m 30 ='469 Am?, 
m= 2qml, 
PM OEE SAGIS S ~ 
Im = 57 = oxi 189 Am. Ans. 


Ex. 4. A magnet, whose poles are 10 cm apart is placed in the 
‘Magnetic meridian. The intensity due to magnet balances the earth's 


_ field (3°6 x 10-5 T) at a point 9 cm from either pole. Find the pole 
strength of the magnet. 


Sol. Since the neutral point is equidistant from the poles, it must 


essentially be on the perpendicular bisector, B-vector of the magnetic 
field on broad-side-on position is 


Ho m _ Bo m 3 x Š 
an (EFE a 38 where x is the distance from each 


pole. ea 
At neutral point, B-field of magnet=B-field of earth. 


Ho IP a6 5.108 
2 a 3:6 x10 

or 0-7 EBEE S y — 938. 3. -4 

1 9x 105 316x10, or = m=99< 3-6 10 
or m='262 Am?, 
.. m=2qml, 

m= 

a Oe ne 
or m= O08 62 Am. Ans. 


Ex. 5. The magnetic moment of a magnet is 1. joule per tesla. 
How much work is done in turning it through 90° 


from the magnetic 
‘meridian at a place where B=1+6 “10-5 T 2 


Sol. See theory above and show 


U=mB(1—cose) taking 9=0° 
as the zero-énergy position. 


U=1x 16 x 10-1 —cos90°) = 1°6 x 10-5 joule, Ans, 


Ex. 6. Find the stable e 


quilibrium position of a magnet in a 
Magnetic field. 
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Sol. A body is said to be in equilibrium when torque and force 
on it vanish. In a magnetic field torque on a magnet is, Torque 
— mB sind where @ is the angle between field B and magnetic moment 
m(SN-direction), ‘The forces on the poles being equal and opposite, 
resultant force on the magnet is already zero. ~. For equilibrium 
of magnet we have mB sine=0, Or g=0° or x. Thus there are 
two positions where magnet will be in equilibrium. The position in 
which potential energy is minimum is the stable equilibrium 
position. Taking ¢=0° as the position of zero energy we have, 
U=mB (1—cos0); when 0=0, U=0 and when 6=", U=2mB. 


Hence 9=0° is the stable equilibrium position. Ans. 


Ex. 7. A magnetic needle of length 10 cm is pivoted so as to 
be free to rotate ina horizontal plane at a place where earth's hori- 
zontal field is 3°6 x 107 tesla. It is then pulled by a weightless string 
passing over a frictionless pulley and carrying 10 mgm at its other end 
and the needle rotates through 60°. Calculate magnetic moment and 
pole strength of the needle. 


Sol. There ate two torques on the 4,8 
needle. Aw! 
Magnetic torque=mB sind. Mechani- 
cal torque=moment of tension about 
' the centre=77 cos @ where /=half the 
length of the needle. 
For equilibrium we have 
mB sino = T! cos0. B 
Here T=10 mgm wt. Fig. 3-2 
=(10x 10x98 N 


T 


TI coso > (10x 10-*) x 9:8 x 5x 1072cos60° 
m= ag a SOKO ain OAIE 


or m='0786 Am? (or JES) 


m _ ‘0786 786 Am. Ans. 
pé \ 


Ex. 8. Two magnets of magnetic moment m and 3m respectively 
are mounted so as to cross each other at an angle 60°. T he combination 
rests on a cork floating in water. Find the direction which the weaker 
magnet makes with the meridian. 
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= Sol. Two torques act on the 
monibinats 
Te mbination. 


Torque on m=mB sino where 
B=magnetic field of the earth and 
@ is the angle’ made by it with 
mB m8 magnetic meridian. 

Fig. 3-3 Torque on 3m = (3m)B sin(60° — ¢), 
For equilibrium we have, mB sin 6=3mB sin(60° — @) 
or sino=3 sin(60°—¢), or sine=3 sin 60°cose —3cos 60° sine 


N' 


or sind= 3V3 cose = 3.Asino, or $-sino= 3¥/2cos0 
or tano=2¥>=1-039 
or 0=46°6’. (Angles taken from the log table.) Ans. 


Ex. 9. A magnet placed in the north pointing north position 
balances the earth’s field at a point 21 cm from either pole. If it is 
broken into three pieces and one such piece is similarly placed, find 
the position of neutral point. 


Sol. In the broad-side-on position, 

Eso pir Por he oe 
An’ (dP? Ari 
where x is the distance from either pole. 


At the neutral point, B-vector of earth’s field =B-vector of field 
due to magnet. 


B 


B= to where By=B-vector of earth’s field. 
4r x? 


When a magnet is broken, its pole strength remains the same but 
not the magnetic moment. 


m= qm X Qi. 
If m’ = magnetic moment of the broken piece then 
2l- m 
m =qmX 5 =>: 

bal Se 

Ho m/3 Bo tt Wee S 

4nx'3 e 4n'x3. 4r 3x'8 
or 3x'8=x'3, or x’ = 


373 
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-2 ) 
or pai A iai m= 18:73 x 10 m. Ans, 


Ex. 10. Two short magnets of moments 2 Am? and 5 Am? are 
placed along two lines drawn-at right angles to each other on a sheet 
of paper. Find the. field at the ‘point of intersection of their axis 
when their centres arë respectively *3 m and "4 m from the point. 


Sol. Bi, field at the point of intersection 
Ho 2md "Us 


id (eS) 2x2 19-2 4 


(PPP an 4x3 027 
or B,=1°48 x 10%, 

-Ho 2X5 oax 1024. ss 

Bim Rae = 104X aA 1:56 10°. 


The two fields are at right angles to each other. 


B: 
pat 
epg - == --- 55 
8 
l 
| 
[i 
N’ 
| 
Fig. 3-4 
B (resultant field) = Bet Be =V 1484156 x 10-5 
or B=2'15x 10% tesla. Ans. 
5 hep aa o 
Let it make an angle 0 with By. Then tan =F Tas | 
or 9=45°51’. (Angle taken from the log table) 
EXERCISES 
(A) 


i i i i 0* ms—1 in the vicinity of a '1 m 
1. An electron is moving with velocity of 2x 1 ns i i 
long bar magnet of pole strength 50 Am ina direction perpendicular to the 
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axis of the magnet at a distance *15 m from the nearer pole. What is the force 
on the electron ? Charge.of electron=1°6 x 10-7" C) 
[Hint : Calculate B-vector of the field and apply F=qov B sin@.] 
(Ans. 4°6 x 10-7 N) 
2. A magnetic needle of magnetic moment ‘9 Am? and pole strength 
5 Am is pivoted so that itis free to turn in a horizontal plane where earth’s 
B-field is 36x10- tesla. It is in equilibrium at an angle 30° from the 
magnetic meridian when it is pulled by a string attached to its north pole in 
the easterly direction. What is the tension of the string ? (Ans. 2°08 x 10-* N) 
3. A magnet -1 m long and pole strength *1 Am is freely suspended in a 
horizontal uniform magnetic field of intensity +1810‘ T. Find the torque 
tending to restore the magnet to its original position of rest when it is deflected 
by 30° from that position. (Ans. 9 x 10-* Nm) 
4. A bar magnet lies in a magnetic field of intensity °5x10~‘ tesla, The 
torque required to deflect it through 30° is 25x 10-5 Nm. Calculate the magnetic 
moment of the magnet. ; (Ans. 1 Am’) 


5. A magnet '2 m long balances the earth’s horizontal field at a point ‘2 m 
from the nearer pole. The magnet is placed with its north pole pointing south. 
Find its magnetic moment. {Horizontal induction of earth’s field =3°6x 10% 
tesla (T).] (Ans, 3:84 Am’) 

6. The intensities of magnetic field at two points on the axis of a bar magnet 
at distances *1 m and ‘2 m respectively from its middle point are in the ratio 
125 :1. Calculate the distance between the poles of the magnet, (Ans. ‘1 m) 

7. Two magnets of moments m and 2 m respectively are mounted to, form @ 
cross. The combination rests horizontally when suspended by a silk fibre. Find 
the direction which the weaker magnet makes with the meridian. 


|in : mB sin 0=2 mB sin (3-»),| (Ans. 63° 26’) 


8. A short magnet is placed horizontally in the magnetic meridian with its 
north pole pointing north. It is then found that there is a neutral point 20 cm 
from the middle of the magnet. If the magnet is turned through 180°, where will 
the neutral point be ? 


[Hint ; When magnet is placed north pointing north neutral point occurs on 
the broad-side-on position. When it is rotated through 180°, neutral point will 
shift on to the end-on position.) (Ans. 25°2 cm) 

9, The intensities of a magnetic field at two points on the axis of a bar 
magnet at distances of *15 m and ‘2 m respectively from its middle point are in 
the ratio 75 : 20. Find the distance between the poles of the magnet. 

y (Ans. *180 m) 

10. A short bar magnet is placed horizontally in the magnetic meridian with 
its north pole pointing north and the neutral points are found “15 m from the 
centre of the magnet. Find the distance between the neutral points if the magnet 
is reversed. (Ans. °378 m) 

11 . A neutral point is found on the prolongation of the axis of a bar magnet 
at a distance ‘1 m from the nearest pole. If the length of the bar be -1 m and 
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B-field of earth=-36 x 10-* tesla, find the pole strength of the magnet. 
(Ans. 4°8 Am) 
12. A magnet whose poles are 12 cm apart is placed in the magnetic meridian, 
The field due to this magnet counter balances the earth’s horizontal field 
(H=30 Am-) at a point 10 cm fromeach pole, Find the pole strength of the 
magnet. (Ans. 3°142 Am) 
13. A uniformly magnetised bar of brittle steel is broken into two Pieces, one 
twice as long as the other, and the pieces are fastened together at right angles to 
each other. How would the combination thus formed set itself under the action 
of the earth’s magnetic force, if made to float on water ? 
` (Ans. the combination will set with the longer one 
making an angle 26° 36’ with the magnetic meridian) 
14. Calculate moment of a magnet which when placed at right angles to the 
horizontal magnetic field of the earth of intensity 30 Am? experiences a couple 
3x10-* newton metre. _ 
[Hint : By=pHo=47X 107 x30 tesla and t=Bym sing.) (Ans. 7:958 Am$) 
15. A neutral point is found on the prolongation of the axis of a bar magnet 
of length 10 cm at a distance 10 cm from the nearer pole. How has the magnet 
been placed with respect to the magnetic meridian ? Calculate the magnetic 
moment of the magnet given that B-vector of earth’s field along the horizontal 
=3-6x 10-5 tesla. Also calculate the torque required to deflect it through 30° 
from the magnetic meridian. (Ans, -48 Am’, 8:°64x 10-* Nm) 


(B) 


16. Two bar magnets of length -{ m and pole strength 75 Am each, are placed 
on the same line. The distance between their centres is ‘2 m. What is the 
resultant force due to one on the other when (i) the north pole of one faces the 
south pole of the other, (ii) the north pole of one faces the north pole of the 
other ? [Ans. (i) 34x10- N. (attraction), (ii) 3°4x 10-* N (repulsion)} 

17. A bar magnet having poles 10 cm apart is placed in the magnetic meridian 
with its north pole pointing south. The neutral point is ata distance of 20 cm 


from the nearest pole. Find the intensity of the resultant field at a point on the 


perpendicular bisector of the axis of the magnet and at a distance of 10 cm from 


the centre of the magnet. (B-vector of earth's field along the horizontal=4 x 10-° 
tesla.) (Ans. 2°88 Am*; 2°46 x 10-* tesla) 


18. A long vertical magnet is placed at perpendicular distance of 8 m from 
the centre of a horizontal magnetic needle of length ‘12m and pole strength 
‘6 Am. If the moment of the couple acting upon the needle is 72x 10-’ Nm, find 
the pole strength of the long magnet. 


[Hint : Since the magnet is long, neglect the effect of distant pole.] 


(Ans. 645 Am) 


19. A magnet placed in the magnetic meridian with its north’ pole pointing 
eutral point at a distance ‘15 m from 


north of the earth produces m ; Siege 
either pole. It is then broken into two equal pieces, and one such ;piece is placed 


in a similar position. Calculate the position of the neutral point. Where will be 


N. E. PHY.-26 
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. the neutral point if the other piece is placed over the previous one with like 
poles together ? f 
(Ans. °119 m from either pole of the piece; +15 m from either pole of the 
z combination) 
20. Two short magnets of the same type, but of moments m and 2m are 
mounted on a frame so as to form a cross. If the combination is suspended at the 
centre with a vertical fibre, find the direction in which it will set in the earth’s 
magnetic field. Calculate also the magnetic B-field at a distance ‘d’ from the 
centre of the cross on the prolongation of one of the arms. } 
(Ans. It.will set at an angle 26936’ with the magnetic meridian; 
to 2V2m_, po mv iT 
an, ds T AT.. di 
t T fr ‘ : 
21, Assuming 0= 7 38 the zero-energy Position ofa magnet in a magnetic 
A 4 -> > 
field, show that potential energy of a magnet, can be written as U=—B.m. 
Hence find the stable equilibrium position of a magnet in a magnetic field. 
22. Show that the force of attraction between two short magnets of moment 
mand m’ with their centres d distance apart and their axes in the same direction 


a 5 Bo 6 mm’ 
along the same line is 7. T qe ` 


o00 


CHAPTER 4 
MAGNETIC DIPOLE 


1. Definition of Magnetic Dipole : A short bar magnet is called 
a magnetic dipole. 

2. Magnetic potential at a point due to a magnetic dipole : The 
work done in bringing a unit north pole by an external agent from 
infinity up to a point in the field due to the dipole is called 
magnetic potential due to the dipole at that point. The magnetic 
potential at a point due to magnetic dipole at a distance r from 
its centre in a direction making an angle @ with the axis (SN- 
direction) of the dipole is given by 


V po (ROO joule per ampere metre (JA7m™). 
r 


3. Magnetic field at a point due to a magnetic dipole: By, com= 
f 8 


Fig. 4-1 


: 2mcose 
ponent of magnetic field at the point (r, 6) along rah. = 


By, component of magnetic field perpendicular to r- 


Magnetic field (resultant) at that point 


alo M y 143 coso tesla in a direction making angle « 
Aan 7s i 
with r or (0 +a) with the axis (SN-direction) is given by ` 
tan o ORE 
Z 
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EXAMPLES 


Ex. 1. Find the value of the potential at a point situated on a line 
passing through the middle point of a short magnet of moment *3 Am? 
at an angle 60° with its axis at a distance ‘05m away from the mid 
point of the magnet. 


Ho M COSO yy -imi 
Sol. We have, Ki Pa O JA“m-}, 


3co0s60 
V= Q-7 
- È (05)? 


Ex. 2. A short magnet of magnetic moment 2 Am? is placed in 
east-west direction. Find the point where there will occur neutral 
point, (Earth’s horizontal induction =3°6 x 10-5 tesla) 


=6x 10-6 J/Am. Ans. 


Sol. At the neutral 
point the earth's field 
(Bx) neutralises the field 
(By) due to magnet. In 
order that Bs and By 
may balance each other 
we must have 


6+a=90° 
or a=90°—6, 
t tane 
But tan a= "L, 
ut tano= -5 
Fig. 4-2 (always) 
tan(90° — 6) = > 
or tan’?9=2, or tan0= 1414 or 9=54°42’. 
Also at the neutral point, By =By 
or Ho 4/1 +3080 = 3°6 x 10-5 
4n r? 
k „s 107x2414 30085447 
Sa ie 
an Saan V1+3 x *578? x 10-* _ 1+ 10024 x 10-? 
IEE a eee Pee og o 
or r='199 m, 


Thus the neutral point will occur in a direction 54°42’ at a dis- 
tance of 19°9 cm from the centre of the magnet. Ans. 
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EXERCISES 


1. A very short magnet is placed at a point O with its axis horizontal 
and perpendicular to the ‘magnetic meridian. If P is a neutral point, show 
that the angle between OP and the axis (SN direction) of the magnet is 
tan-1\/2. 

2. Find the magnitude and direction of the magnetic field due to a small 
bar magnet of moment -03 joule per tesla at a point situated on a line 
through the centre of the magnet and at an angle 60° with its axis, the Point 
being at a distance of ‘05 m from the centre of the magnet. 

(Ans. 32x10- tesla in a direction 100954’ with the axis) 

3. Find the potential due to a magnet at a point on its axis at a distance 
09 m form its centre in the end-on Position. The length of the magnet is ‘02 m 


and its pole strength 9 Am. 2 GFI 
(ans. 225x10 x) 


4. Two magnetic dipoles of moments ‘108 and °122 Am? are placed along 
two lines drawn on the table at right angles to each other; find the intensity 
at the point of intersection of their axes, their centres being *3 and “4m 
respectively from the pt. of intersection. (Ans. 10— tesla) 

5, Calculate the work done in transferring a unit magnetic pole from a point 
on the axis of a dipole of moment ‘3 joule per tesla at-a distance 10cm from its 
centre on to a point lying on a line at inclination 60° with the axis at the same 
distance from the magnet. (Ans. *15x 10-* joule) 

6. Find the locus of the points where the intensity of magnetic field due to 
a magnetic dipole will be perpendicular to its axis, 

(Ans. a line at inclination of 54°42’ with axis of the dipole) 

7. Two bar magnets are in line, one having magnetic length 08 m and 

: Pole strength 5 Am and the other magnetic length ‘04 m and pole strength 4 Am, 
their mid-points being 16 m apart. Find how much work is done in turning 
one of these magnets over end for end. (Ans. 7°4x 10-* joule) 

8. The earth may be considered as a big dipole of moment 6'4x 10** Am 
Placed at its centre with its axis (SN direction) in the SN direction of it. Radius 
of the earth is 6000 km. Calculate the horizontal and vertical component of the 
earth’s magnetic field at a place of latitude 22°N. 


> sind 
(st B=. 2m.go9 and B,= 5. meee here 90242291129) 
[Ans. vertical component=2°22 x 107° tesla (downward) 


and horizontal component=2°75 x 10-* tesla} 
9. A point lies. on a line making an ‘angle of 30° with the axis 
(SN-direction) of a magnetic dipole. If the dipole is turned through 90° away 


from the line, how the magnetic field at the point will be affected ? 
- . (Ans. field will be reduced v z's times) 


oo0 


CHAPTER 5 
MAGNETIC MEASUREMENTS 


1. Tangent law : If a small magnetic needle capable of rotating 
freely in a horizontal plane 


Bp a is subjected to two perpendi- 
cular magnetic fields Bı and 
Unb: B, and if it makes an angle 0 
By with B, then 
B,=B, tané. 
nbs This is called) Tangent 
anb? law. 
Fig. 5-1 


2. Deflection magnetometer: (i) Tan A-position : When the 
magnetometer is placed with its arms in the east-west direction and 
the experimental magnet is placed along the arms so that the compass 
needle of the magnetometer lies on the end-on position of the 
magnet, this arrangement of magnetometer is called Tan A-position. 
Here one field is due to earth’s horizontal induction (By) and the 
other (B) is due to the magnet. These two fields are at right angles 
to each other. So we have B=B, tand. . 


Ho 2md 
But BAT a CD 
2md 
p BF =B, tano 
2 — J2\2 
or 7 = : Cie tano joule per square tesla (JT-*). 
0 0 


(ii) Tan B-position : When the magnetometer is placed with its 
arms in the north-south direction and the experimental magnet is 
placed perpendicular to the arms so that the compass needle of the 
magnetometer lies on the perpendicular bisector ofthe magnet, this 
arrangement of magnetometer is called tan B position. 


Here Fees a 
an’ (PPP 


MAGNETIC MEASUREMENTS 407 


m _4® d4) tano JT. 
By bo 
3, Oscillation magnetometer : The time period of oscillation of a 
magnet free to oscillate in a magnetic field B is given by 


a 1 
T=2n aB 


where I= moment of inertia of the vibrating magnet about the axis 
of suspension, ™ =magnetic moment of magnet. 


If the vibrating magnet is a bar of length / and breadth b then 


I =o(F an ) kgm? where @=mass of the magnet. 


i ; 2 p 
If it is cylindrical in shape then I= (5+7 kgm? 


where r =radius of the cylinder. 


4. Searle’s vibration magnetometer : In -this magnetometer a 
magnetic needle which is extremely short is attached to a brass 
cylinder. As it is very short it measures the magnetic field of a 


point. 


Here also we have T=% |5 £ 
. mB 


If n= number ofoscillations per sec then n=} ; 


where k-75] is a constant of the magnetometer 
4r 


or n2=k'H where H is H-vector of the magnetic field. 
EXAMPLES 


Ex, 1. A small magnetic needle placed ‘2 `m to the east of a 
magnet of length ‘08 m and having its axis at right angles to the 
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meridian is deflected through 60°. Calculate the magnetic moment of 
the magnet and its pole strength. (By=36 x 10- tesla) 


Sol. We have, B=. amd - 2 pe+ane 


(a— (P-P 
aam AEAN Bit 
ae $ zd o tang. 
Here d="24-04=-24m (- Ho = 19-7 ) 
j An 
1='04 m. 
m=107 oe 36x 10-* tan60° 
= (0576 PONY x 3601:7132 OP? x 360x 1-732 
=4:073 Am? 
Pole strength = ao 9 Am. Ans. 


Ex. 2. Two bar magnets are bound together side by side and 
suspended, so as to swing in horizontal -plane freely. The combina- 
tion makes one oscillation in 12 seconds when like poles are together 
and 16 seconds when the direction of one of the magnets is reversed. 
Compare their magnetic moments. 


+l, ' 
Sol. We have, E el fe at bln 
: (m, +m)B 
where B =earth’s horizontal induction 
+l, 
t= sats 
N T. 


or mi = 25, Ans. 
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Ex. 3. A compass needle makes 30 oscillations per minute in 
the earth’s field. When a bar magnet is placed near it so as not to 
alter-the direction of the needle, it makes 40 oscillations in one 
minute. How many times will the needle oscillate per minute if the 
magnet is reversed ? 


Sol. We have, 302=KB where B —earth’s horizontal induction. 
Let B’ be the field due to the magnet. Since the direction of the 
needle is not changed and frequency of vibration has increased, B and 
B' must be in the same direction. 


402=k(B+B') 

be eee Top a 

30? Bh BAIE 
Hence B <B. 


When the magnet is reversed, B’ is reversed. So the resultant 
field is now B—B’ because B>B’. 


n? —k(B—B’). 

PP e cep ee 

30 B B 9 9 ; 
n= 202 m0 gh =1414, Ans. 


Ex. 4. A cylindrical bar magnet weighing 150 gm and measuring 


2 cm in diameter and 10 cm in length oscillates in the earth's- field 
and makes-10 oscillations in 40 seconds. Calculate the magnetic 
moment of the magnet. ‘Also calculate its magnetisation.  (B-vector 
of earth’s field=3'0 x 10-* tesla.) 


Sol. We have for cylindrical body, 
AN -( 10° PY x10" k 2 
1w itg) ( ata gm 
= 100 4) x10" kgm? 
=150 12 Ag 8 


=1287:5 x 10-7 kgm’. 
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I 4r?I 
Now t= / or mB= a 
matt 3¢1287°5 x 10-7 
“3x 10x42 
m=8'4 Am’. Ans. 


Magnetisation is defined as magnetic moment per unit volume. 
Volume of cylinder=nr?/=n(1 x 10-*)? (10 x 10} 
=n 10-5 m’. 


Amt =2:67 Am. Ans. 


Ex. 5. A compass needle makes 10 oscillations per minute in 
the earth's field alone. A bar magnet is placed in such a way that its 
field at the needle is at right angles to the earth’s field and deflects 
the needle through 30°. If the needle is made to oscillate in the 
deflected position, find the number of oscillations that it will make 
in one minute. 


Sol. We have, B=B,tane (where B,=B-vector of earth’s 
: ; magnetic field) 


=B,tan30° = Bo 


Resultant field = y B* 7B, = me Bot Ba = oe. 
According to the principle of vibration magnetometer, 
By=k.10? 
2B 
d 20 _ kn? 
an V3 k.n 
à 2, iE ISA or na i07. Ans. 
: 102 4/3’ 


Ex. 6. Two magnets of equal magnetic moment and inertia are 


fastened together so that they cross each other at angle of 60°. If - 


the combination is suspended by unspun silk fibre, what will be the time 
period of small oscillations of it, if time period of each magnet in a 
similar condition is 5 s ? 
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Sol. Magnetic moment is a vector quantity. Hence the two 
magnets will behave like a single magnet of moment given by 
Sea 
m' =y m4m +2mm cos60? 
=y 3m =my3. 
But moment of inertia is not a vector. 


Hence, I’=I+J=2I (where [=moment of inertia of “each 
magnet) 


_ Po ae ee 
or t= 732 “d= ae A Ans. 


(For roots see log table) 


Ex. 7. A small magnetic needle when placed 29 cm to the east 
of a magnet of length 8 cm and having its axis at right angles to 
the meridian, it is deflected through 60°. Calculate the moment of 
the magnet, and its pole strength. (H-vector of earth's field along 
horizontal=30 Am”). 

Sol. Since here H-vector is given, we use expres 
due to a magnet. 


sion for H-field 


_ p22 
1 _2md __ Htano oF piers a . Hytand. 


Hm ae GTP 
In this case, Hp=30 Amt, d=2044=24 cm =24x 10-? m; 
Į=4 cm=4x 10-2 mand 9=60°. 
= fg E ai 10% 5¢30 x tan 60° 
m = 40 74x 108 i 
or m=3'53 Am?. Ans.. 


3°53 SMA: Am”. Ans. 
3x107 


Pole strength= 


us 2 cm is uniformly’ 


Ex. 8. An iron rod 20 cm long and radi 
It is broken into four 


magnetised and its time of oscillation is 4s. 
parts. Find the time period of each part. 
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Sol. I (m.i. of rod)=w x CETO 10-4 kgm? 


=w X 34:33 x 10-4 kgm?. 
When a magnet is broken, the only thing that remains unchanged 
is its pole. strength. 


m' (magnetic moment of each part) =qm X 22 x 107? 
where qm is the pole strength of the rod=5qm X 10-*. 


ea! 5 2? -4 IL W 53:08 x 10-“ kom? 
a4 x (E+ )x10 kgm 7*3 x gm 


4x wy 


m qm.20 x 10-2 = 
3:08 * m'’ 


Sqm xX 1072 a 


Now, die FE and T'= a 


rof I ne PORE 2308 
T m 


T 
T 


T A 4x3433 a. 3433 
1 ETTER A 
or T'= 33 %4=1-2's. 


Ex. 9. A magnet is placed in the magnetic meridian with north pole 
pointing pole north and its neutral point is located. A vibration magneto- 
meter is placed at the neutral point and the magnet is then taken away 
and the magnetometer is set to oscillations. It makes 10 oscillations 
per minute. The magnet is then replaced in its original position, but 
now north pole pointing south. If the magnetometer is set to oscilla- 
tions, how many oscillations will it make in one minute 2 


Sol. At a neutral point, field due to earth is equal and opposite 
to the field due to magnet and the total field is zero, But when the 
magnet is replaced with north pole taking the place of south pole, the 
field due to magnet is reversed and so at the same point there will be 
a resultant field double the field due to earth. 

From theory of magnetometer, 10?= By 

and n?=k (By+By) =k 2B, 


» Or n=14°14, Ans. 


MAGNETIC MEASUREMENTS 413 
EXERCISES 
(A) 


1. Two short bat magnets are Placed one above the other with their 
(a) similar poles, (b) dissimilar poles together. The first combination is placed 
ata distance of ‘2m from the needle of a deflection magnetometer in tan A 
position. The deflection is observed to-be 60°, the second combination is placed 
at half of this distance in tan B position of the magnetometer and the defiection 
is now 30°. Compare the moments of magnet. (Ans. 13:11) 


2. A bar magnet of length «1 m, breadth -02 mand thickness 005 m is 
Placed at a distance *3 m from the centre of a deflection magnetometer arranged 
intan 4 position and it produces a deflection of 38°. Calculate magnetisation 
of the magnet. (Horizontal induction of earth =3 x 10- tesla.) 

(Ans. 2:99 10° Am-1) 

3. A short bar magnet is placed on the arm of a deflection magnetometer 
arranged in the usual manner in tan B position and it produces a deflection of 
60°, It is now broken into two equal parts and one part is placed exactly at the 
same distance. What deflection does it produce 2 At what distance should it 
be placed to produce the same deflection ? If the other piece is placed on the 
top of it at right angles to it, will there be any change in deflection ? 

(Ans. 40°54! ;°793 times the previous distance; yes, restoring 
fleld will be changed) 

4. A compass needle vibrates 10 times Per minute in earth’s field alone. When 
the north pole of a long magnet is brought towards the south of the needle and 

"10 cm away from it, it makes 20 vibrations per minute. Calculate the number of 
vibrations of the needle when the distance of the pole of the magnet is reduced 
to 8 cm. (Ans: 23:8 vibrations per minute) 


5. A rectangular bar magnet of length ‘1 m and breadth ‘01 m oscillates 
once in 10s in earth’s horizontal field of intensity 18x10- T. If the mass of 
the magnet is 40 x10- kg, find the magnetic moment of the magnet. 

(Ans. :74 Am?) 

6. Two short bar magnets exactly alike, of magnetic moment 60X 10-* Am? 
and 80x 10-3 Am?, are fastened together with their axes parallel and horizontal 
and their centres in a vertical line about which the system is free to oscillate. 
Compare the times of oscillation in the earth’s field when the axes of magnets 
are in the same direction.and in’ the opposite direction. (Ans, 1:2646) 

7. A small magnet vibrating in earth’s horizontal field completes 4 oscillations 
in 16 seconds, and when a small magnet is brought near it.oscillates 5 times in 
16 seconds. Compare the intensity of the second magnet with earth’s horizontal 
intensity when (i) both the fields are in the same direction (ii) in opposite direc- 
tion. [Ans. (i) 9 : 16, (ii) 41 : 16] 

8. An iron cylinder 1 m in length and -02 m in diameter in section is 
uniformly magnetised. Now a short length ‘05 m is cut from it and placed on the 
frame of an oscillation magnetometer. It makes 10 oscillations in 30 seconds. 
Calculate magnetisation of the rod. (Density of iron=7000 kg m-? and 
B=4 x 10-> tesla.) (Ans. 1:792x 105 Am?) 
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9. A thin iron rod 30 cm long is uniformly magnetised and its time of 
oscillation is 4 seconds. It is broken into 3 equal parts, Find ‘he time of 
oscillation of each part. - (Ans. 1:339 s) 


10. Two bar magnets, the moment of one of which is double that of the 
other, but otherwise similar, are tied together so as to form a ‘cross’. The ‘cross’ 
is now freely suspended in such a way that it may oscillate in horizontal plane. 
How the ‘cross’ will rest in earth’s field ? Whenit is set to oscillation, what will 
be its time period if the time period of the weaker magnet in similar position is 
5 sec ? i (Ans. At 63°30’; 4°73 s) 


11. A compass needle makes 10 oscillations per minute in the earth’s field 
alone. A bar magnet is placed in such a way that its field at the needle is at right 
angles to the earth’s field and deflects the needle through 45°. If the needle is made 
to oscillate in the deflected position find the number of oscillations per minute, 

(Ans. 11°87 per minute) 

12. Two identical bar magnets are tied together at their centres at an 
inclination of 60° with each other. . Calculate the time period of oscillation of 
the combination when the time of oscillation of each magnet is 2 sec. 

(Ans... 2715's) 

13. A magnet of moment '5 Am? is deflected through an angle of 60° in a 
magnetic field of strength 4 10-> tesla and then released. -Its angular velocity 

at the instant it passes through its equilibrium position is ‘5 radian per second. 
Calculate its moment of inertia. (Ans: 810-5 kgm?) 
14. A short magnet produces a deflection 45° in a deflection magnetometer 
when placed in the usual manner. A similar magnet is put onit with like poles 
together. What deflection.do the two magnets jointly produce ? (Ans. 63°26") 

15. A bar magnet measuring 3 cmX2cmX1cm is placed on the frame of 
an oscillation magnetometer with its 2 cm edge vertical and its time period of 
oscillation in the earths field is 5s. What will be the time period when (a) 1 cm 
edge is vertical, (b) 3 em edge is vertical ? (Ans, 5:7 s;.3°54 8) 

46. A short bar magnet when suspended horizontally and perpendicular to 
the earth’s field experiences a torque of 3X10-4Nm. The same magnet produces 
a deflection of 45° in the needle of a deflection magnetometer setin tan A 
position when the distance of the magnet from the centre of the magnetometer 
is ‘3m. Calculate the moment of the magnet. (Ans. 6°37 Am’) 

17. A bar magnet weighing 250 gm and measuring 10 cmX2cmx1cm is 
suspended by unspun silk fibre passing through its centre of gravity with 1 cm 
edge vertical. It takes 1 minute 40 s in 20 oscillations. Calculate mB, of the 
magnet. Also calculate the torque required to deflect it in earth’s field through 
90° and the work done by the torque. 

(Ans. 3°42<10-4 joule; 3-42 10-4 newton metre; 93:42 x 10-4 joule) 


(B) f 
18. P is a neutral: point on the perpendicular bisector of a bar magnet. A 
small compass needle is placed at P. The bar magnet is then removed and the 
needle is set in oscillations. Finally the bar magnet is carefully replaced in its 
position, but north pole pointing south, and the needle is again in oscillation. 
Compare the periodic times of oscillation in the two cases. (Ans. 1:414: 1) 
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19. A deflection magnetometer is arranged with its arms along east-west 
direction. A small bar magnet with its north pole pointing east is placed 
lengthwise along the eastern arm. The needle is found to be deflected through 
30°, What would be the defiection of the heedle if the magnetometer arms are 
rotated anti-clockwise throug’ (a) 90°, (b) 45° ? 

[Ans. (a) no deflection; (b) 16°) 

20. A bar magnet of length 10 cm and breadth 2 cm weighs 200 gm. 
When it is put on the frame of an oscillation magnetomeier, it makes 20 
oscillations in 1 minute 20 seconds. It produces a deflection of 45° from a 
distance of 10 cm of its nearer pole from the needle of a deflection magnetometer 
arranged in tan A position. Calculate magnetic moment and B-vector of the 
earth’s magnetic field along the horizontal. 

2 A 2 12) 
(am : mBy= sa and a = 42 Oo tad 
(Ans: 2°39 Amt; 1*8x 10-* tesla) 


21. A deflection magnetometer is sètin tan A position.. A short bar magnet 
is placed at a certain distance on the arms of the magnetometer with its north 
pole pointing north. There is no deflection. When the needle of the magneto- 
meter is set to oscillation by aa auxiliary magnet, it makes 5 oscillations in one 
minute, When the magnet is turned through 180° in its own Position, it now 
makes 20 oscillations per minute.. What permanent deflection will be produced 
when the magnet will be along the arm of the magnetometer at the same 
position ? i (Ans. 60°24’) 


‘ooo 


CHAPTER 6 


TERRESTRIAL MAGNETISM 


1. Elements of earth's magnetic field : There are three elements of 
earth’s magnetic field : 


(a) Declination: Angle between the geographical meridian and 
_ the magnetic meridian. 


(b) Inclination or Dip: Angle between the direction of resultant 
intensity and a horizontal line in the magnetic meridian. 


(c) Horizontal intensity : It is the resolved part of the total inten- 
sity along the horizontal in the magnetic meridian. 


2. Resultant intensity and its components : 


Let B=Bsyector of earth’s total field. 
Bo=horizontal component 
B,=vertical component. 


Then it follows from the princi- 
ple of resolution of vectors, 
Bo=B coss 
B,=B sing 
where =angle of dip. 


AT tan = By 
Fig. 6-1 Bo 


Exactly in the same way if H= H-vector of earth’s magnetic field, 


3. Apparent dip : When the plane of a dip circle is not in the mag- 
netic meridian, the angle made by the dip needle with the horizontal 
is called apparent dip. Suppose a=angle made by the plane of 
the dip circle with the magnetic meridian, Obviously the vertical 
component is in the plane of the dip circle but the horizontal compo- 


nent is out of the plane of the dip circle by a. Resolving horizontal 
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component along and_ per- Bis cose 
pendicular to the plane*of the 
dip circle we have By cosa 
along the plane and Bọ sina 
perpendicular to it. The normal 
component is ineffective on the 
needle because the needle is 
free to turn only in the plane Fig. 6-2 

of the dip circle. Hence in 

the plane of the dip circle the effective intensities are (i) B, along the 
vertical, (ii) By cosa along the horizontal. 


Magnetic Meridian 


If 8’ =angle made by the dip needle with the horizontal in the 
plane of the dip circle, 


B By 

— ecc But tan§=—?, 

os Rips Bo cosa Bo 
,_tans 
<. tans conn 


EXAMPLES 
Ex. 1. The angle of dip at a particular place where horizontal 


intensity is 30 Am=1 is found to be 38°. Calculate the total intensity 
of the earth’s magnetic field there. 


Sol. We have, Hy = Heos3 (just as By=B cosa) 


Ho 30 


=o = Am 
~ coss cos 38° 


H 


30 $ x- t 
or H= 788 = 38:06 Am-}, Ans, 


Ex. 2. The true dip at a certain place is 30°. What is the 
apparent dip when the dip circle is turned 60° out of the magneiig 
meridian 2 


Sol. See the article and deduce 


t ,_ tans 
_ and cos a 


N. E. PHY.-27 
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tan 30°. :5774 
= se ee TS 
tan 8’ 30560? 5 155 
8'=49°7'. Ans, 


(Angle taken from the log table) 


Ex. 3. A magnetic needle is suspended by a thread at its centre 
and it becomes horizontal when a weight of 100 mgm is placed at 
its front end. If the pole strength of the needle is 5 Am, find the 
vertical intensity of the earth’s field. (g=9°8 m/s?) 


Sol. The forces acting on the 


VnBu  - needle are shown in the Fig. 6-3, 
{ For equilibrium of the ‘needle, the 
Yn Bo 4,80 algebraic sum of the moments of 
all forces must vanish. 

Von Be <. Wwgl—GmByl—qmB,yl=0 
` Fig. 6-3 (taking anti-clockwise moment 
positively) 

or wg =2qmBy 
Bem E — 100x10x98. ae 9°8 tesla 

or By='98x 10- tosla: n Hy= 78X10" 78-0 Amo. Ans. 


Ex. 4. A dip circle is rotated till the needle sets vertical. From 


this position it is rotated through a and the needle shows a deflec- 


tion of w. Show that the true dip is tan (tany sina). 


where 8’=apparent dip, 5=true dip 


Sol. We have, tang’ = EÈ 


and a=angle made by the dip circle with the magnetic meridian. 
When the needle sets vertical, §’= 90°. 


tan 90° = ane or cosa=0 or a=90°. Thus when needle sets 
vertical, the’ plane of the circle is 90° away from magnetic meridian. 
If it is rotated through a from this position, the dip circle will remain 
(90—a)° away from the magnetic meridian. 


tans 


pars cos(90 =a)” 


or tangé=tanysina 


or > §=tan-1(tanysina). Proved. 


S 
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Ex. 5. Assume the earth's magnetic field due to a very powerful 
magnetic dipole placed at its centre with its north pole pointing 
south of the earth, Calculate the horizontal and yertical component 
of earth’s field at a place of latitude 60° North. (Radius of earth 
=6400 km and magnetic moment of the dipole =6'4 x 10°? Am?) 


Sol. The angular distance of a place 
from equator is called latitude of the 
place, We know that the components of 
the field due to a short bar magnet (a 


2m cos 


magnetic dipole) are 42. alongr 
E po 4x8 JA 


in $ 
and p perpendicular to r. 
re 


Fig. 6-4 


Here the component along ris the vertical component and. the 
horizontal component is the other one. 


“An r? 
Here @=90°+a=90°-4-60°=150°. f e 
; 4674x 10%.sin 150° 1032X 6'4 x 10cos 150° 
- Bo= 10" nox ae 106400 x 108)" 


Ce to=4n%10~) 
or By=1:22x 10-5 tesla and B, = —4°2 x 10-5 tesla. E 
The minus sign shows that the vertical field will not be away from 
the centre but it will be towards the centre. ‘Ans. 
Ex. 6. A dip circle is rotated till the needle sets vertical, In 
this position needle makes 5 oscillations. in 15 seconds. When the 
dip circle is rotated through 90°, it now makes the same number of 
oscillations in 6 seconds, Calculate dip of the place. 


_-. Sol. When dip needle is vertical only vertical ‘component is effec- 
tive on it, Therefore according to the theory of vibration magneto- 


5\ _k j 

apf E yta; malta: 

rita BK) =5 p 
When it has been brought in the magnetic meridian the needle is 


now oscillating in the total field. 
n B-k =k 
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B. 25k. 925. gp VW Bora Bot 225 
Ba sOus whan By 4 
So Bat By. 625 Be _ 625 
BOS ape yg Cone T 
Bo? _ 609 i RES AR 
or Br T6” or B, 609 
16 
tand= >=, Sop = 162 
ot © 6 = 9°12"; i 3 Ans. 


Ex. 7. A compass needle makes 50 oscillations per minute ata 
place where dip is 30° and 40 oscillations per minute at a place 
where the dip is 60°. Compare the earth’s total intensity at the two 
places. 

Sol. We have from theory of vibration magnetometer, 

508 =kB, and 40°=kB,’. 


25 = Bo . Also By =B cos 30° and By’ =B’ cos 60°. 


16 Bo’ 
Bo _ Bos 30° ELIB LCOS 30 
B?  B’cos60° °° 16 B’ cos 60° 


B _25,,cos 60° 25 5 

B’ 16° cos30° 16. ‘866 

or Bis Bis 90 20k 

Similarly, H-vector of the fields at the two places, 


or 


H: H'="902: 1. Ans. 
EXERCISES 

1. At a place where horizontal component is 25x10-* T, and the dip 45° 
Calculate the total induction at that place. (Ans. 35:35 10-° T) 
2. The vertical component of the earth’s field at a place is 40 Amr’. Calcu- 
late the value of Hù, if dip of the Place is 30°. (Ans. 69 28 Am?) 
3. The apparent dip at a place in a plane 30° away from the magnetic 
meridian is 60°, Calculate the true dip at the place. (Ans. 56° 18’) 


4. The apparent dips in two mutually perpendicular planes are found to be 
‘S, and ô, Show that true dip 5 is related with ô, and 6, by 
; cot? =cot?S,+ cot*d,. 
(Note : This is the principle of cot-method of finding true dip of a place.) 
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5. Considering that the earth’s magnetism is due to a very powerful short 
magnet embedded at its centre placed with its axis (SN direction) along NS 
direction of the earth, show that latitude (A) of any place bears a definite relation 
with the dip (8) of the place and that definite relation is tanS =2tanh. 

6. The earthis a big dipole of moment! 64x10" Am*. Calculate the hori- 
zontal and vertical components of earth’s magnetic field at a place of latitude 30° 
South. (Radius of the earth= 6000 km) ` 

(Hint : See Ex. 5.) f; (Ans. 3x10 T; 2:5X107T) 

7. A dip needle indicatesa dip .of 60° ata place. When a small magnet is 
placed on the horizontal line through the centre of dip needle with its north pole 
pointing north at a distance “2 m from the needle, the dip changes to 45°. Find 
the magnetic moment of the magnet if the horizontal component of earth’s field 
is -2 x 10-4 tesla. (Ans. +585 Am*) 

8. The magnetic moment of a dip needle is *5 Am? and it is set ata place 
where dip is 60°. A weight of -05 gm Placed 4 cm, from the axle causes the needle 
to turn into horizontal position. Calculate the value of horizontal and vertical 


Ci t th th’s field. 
omponents of the earth's he (ans Bo="392 10- tesla; By='225X10-+ tesla) 


9, The period of oscillation of a dip needle when vibrating in the magnetic 
meridian is 1-5 s. Ina plane at right angles to the magnetic meridian it is 2 8; 
find the dip of the place. f (Ans. 34° 15’) 


10. In an experiment of finding dip by cot -method itis found. that the appa- 


rent dips in two mutually, perpendicular planes are 30° and 20°. Calculate ue 
(Ans. 1797’) 


true dip of the place. 3 ested : i 

11. The needle of a dip circle completes 4 oscillations in one minute 
while vibrating in a vertical plane at right angles to magnetic pipe The A 
needle oscillates 3 times per minute in a horizontal plane at gae pan a8 


Find the value of dip at the-place. Ay i Toa 
12. A magnetic needle is suspended by a thread at its centre ani it show 


adip of 60°. When a weight of20 mgm is placed at its front end, the dip is 
reduced to 30°. If the vertical component of the earth’s field is 410-5 tesla, 
find the pole strength of the needle. (Ans. 3°67 Am”) 

13. At a place where the H-vector of magnetic field along the horizontal 
is 30 Am! andthe dip 40°. Calculate earth’s total induction (B-vector) at that 
place. 

(210 : Hy= Heos8; < a= Jes pzu.) (Ans. 49X107 tesla) 

14, Ata place where the angle of dip is 45° and the total intensity of 
earth’s field is 40 Am=},,a magnet vibrating horizontally makes 10 oscillations 
Per minute. Calculate the number of oscillations per minute it would make at 


Para vip 
another ip is 60° and the total intensity 1S 50 Am-*. : : 
nex place where the dip is 6% cane SA riliariohs fala.) 


15. A dip circle after levelling js set in any position and dip is found 


to beg. Then it is rotated through 4sovaway from the magnetic meridian 


from this position and dip is found to be B. Show that true dip is given by 
cot% =2(cota-+-cot*B—v/2 cotacoth): 
opo 


ELECTROSTATICS 


CHAPTER Í 
ELECTRIC FIELD AND POTENTIAL 


1. Coulomb’s Law of force in electrostatics : (i) Likely charged 
bodies repel and unlikely charged bodies attract. (ii) The force of 
attraction or repulsion between two point charges in a vacuum is 
proportional to the product of charges and inversely proportional to 


the square of the distance between them. Mathematically Coulomb’s 
law states Mig 


Fy 2%. =! an ct A. 
oct or Fy me (1) 


where «, is a universal constant called ‘universal electric constant’. 
It is also called ‘permittivity’ of a vacuum or air. When the same 
two point charges are placed in an extended homogeneous material 


between the two given point charges in a vacuum to the force between 
the same two charges in the sam 


called the relative permittivity of the medium, it is denoted by «,. 


Thus, =o or FD 
or =, HR < A 


{ban Qa) 


€ . 2 ‘ 
where e = eger or Gidi Thus e is the fatio of the permi- 
0 


ttivity of the medium to the permittivity of a vacuum or 
air. This is why it is called the relative permittivity and e is called 
the absolute permittivity of the medium. ¢, has no unit. but e has 


definite unit. It is ‘farad per metre (Fm-)’, Ł is introduced in (1), 


» 
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just to ‘rationalise’ the law. (See author’s Introductory Physics, Part 
Il, p 4. Electrostatics chapter.) 

Taking the law. f force in electrostatics in this form and 
Ampere’s law of force between current elements in the form 

AF= Holir GAN Al)sino - 
“An i 

Maxwell showed in his famous ‘theory of electromagnetic waves’ that 
p and e of a medium are related to each other by the relation 


1 i F ; i 
c=—— where c is the velocity of electromagnetic wave (and there- 
vue 


fore of light as well because light is also an electromagnetic wave) in 


that medium. For a vacuum, ¢)=- We have already selected: 
Volo 


arbitrarily yy=4x 10-7 Hm-, Hence we have no choice for <p. It 
has to be adjusted according to this formula. 


_ 1) Je ee ae =3 x 108 ms~) 
o= Ga, OK 10 KAR x 10-7 (ori 4% , 
or € = ees 
o 36n x 109 
or =9 10° and €)=8°85 x 107? Fm. 
ies 


2. Electric Field: An electric field of strength Æ is said to exist 
at a point if a test charge ‘Aq’ placed at that point experiences force 
given by the formula, AF= AgE 


or vectorially, -AE volt per metre (Vm-*). 


3. Electric field at a point due to a point charge: The electric 
field due to a point yr q at a distance r from it, is 


Zh Vm- along r 


E= 
ae ls 


A 
: ea e deed 
or vectorially, tan A 
4. Electric Potential: The electric potential at a point in an 


electric field is defined as the amount of work done in bringing unit 


ae: NUMERICAL EXAMPLES IN PHYSICS 


positive charge by an external agent from infinity up to that point, 
Unit, volt (V). 
V, (potential at a point) = AVoor (by an external agent) 
Aq 


and Vp—Va= AWo-r (by agent) yo (vy, 
Aq 
5. Potential ata point due to a point charge: The electric 
potential at a point due to a point charge q at a distance r from it, is 
1 


ES a ; 
V r volt (V). 


6. Relation of electric field and potential: The electric field E 
and potential V at a point are related by the relation 


dv 
ee 
dr 
This is why unit of intensity of electric field is yolt, per metre. 
7. Mutual potential energy (electrical) : If qı and) q} are two 


barges placed at r; a distance apart then ioe is the mutual elec- 
TEI 2 . 

trical potential energy. If we have three charges qı, qz and q at the 

vertices of a triangle then electrical potential energy of the system 15 


pal (424048. +t ) joule (J). 
Areo Tia F23 


If qis q» 4z; qa are the charges at the vertices of a quadrilateral 
then, 


He 1 bade, pads pisla plada 193 phla ). 
Tey A Tag F23 Tq "ay r13 loa 


EXAMPLES 
Ex. 1. A point charge of +3x10® coulomb (C) is 12 cm 


distant from a second point charge of —15x 10-6 C; Calculate the 
force of attraction between them. 


Sol. We have, Fa sabe 
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rao 193% L015 x10) 
Sn 


he a 9 
(.. r910) 


Or F=2'81 N. Ans. 


Ex. 2. Two small spheres are charged and they repel each 
other with a force 2x 10:8 N. The charge on one sphere is twice on 
the other.. When taken 10 em farther apart, the force ix 5X10+N. 
What are the charges and what was their original distance ? i 


k Sol. Let g and 2g be the charges and x be the distance between 
em, ; i 


Then, pepe eta iar: a 

: An €p x? 
Again 5x10*=— 2g" 

o (x? 
20_ (xt) 
5 x 
or I= a, or dx 2x41 
or x='1 _m. Ans. 
Putting value of x so obtained we have 
er 2q? ian pa °) 
2 32 9-4 _ _*=9 x10 
x 10-8 =9 x 10° ( inky x10 


210-4, a p= 107 23333 x 10°C 


or Peet NAN I Dian oT 


and 2q =66'66 x 10-°C. 


So, the charges on the spheres are 33°33 x 10°C 
í and 66°66 10°C. Ams. . 


Ex. 3. 5x10 joule of work is done when a charge of 
2x10 C. is moved from a point of potential (—3000 volts) to 
he point P. 


another point P. Find the potential at t 
Sol. Let V be the potential at Pa Then potential difference 
between the two points=V— (—3000)=(V +3000) one 
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This is equal to work dore in taking 1 C of positive charge from 
P to the other point. 


ieee 
V+3000= S07 
or V +3000 = 25000 
V =22000 volt. Ans. 


Ex. 4. A charge 20x 10-° C is placed ata point. What work will 

be required (a) to bring 1 C positive charge from infinity to a distance 

_ 10 cm from it ? (b) to carry a charge of 5C once completely round 
it in a circle of radius 5em ? Give reasons. 


Sol. (a) By definition, the potential at any point is the work done 
in moving 1 C of positive charge from infinity up to the point. Hence 
potential at a point is the required work done per coulomb of charge. 


Potential at a distance 10 cm= 1 20x10 
m 
=9 x 102.20 x 10-8 (C toe io") 
ÅT €o 
=1800 volt. ; ; 
Work to be done = 1800 joule. Ans. 


_ (b) By definition of potential difference. 
Vp—Va= AWo-sr (by agent) s 
Aq 
Here P and Q are identical points. í i 
e Ve—Vq=0. "w AW=09: Ans. 
Ex.: 5.: A hollow spherical conductor of radius 10 cm is charged 
with 5x10-°C. Find the potential (a), at a distance 20 cm from 


centre, (b) at the surface of the sphere, (c) at a distance 5 cm from 
centre. 


Sol. (a) Charge on a sphere may be supposed to be concentrated 
at its centre for points lying outside, 


Potential at a distance 20 cm from the centre 


21 5x10- 
` AT eo. p) 
8x100 SXI 225 V, Ans. 
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(b) Potential at a distance 10 cm 


ee 10-* 
ÅT €o ; cif 
=9X 102, S210" = 450 volt. Ans. 


(c) Potential inside a hollow conductor is the same at all points and 
is equal to the potential of the surface.” 
Potential at a distance 5 cm from the centre=450 V. Ans. 
Ex. 6. Two pith balls, each of mass 10 mgm, are suspended from 
the same point, each, by a silk fibre 50 cm long. When equal and 
similar charges are given to them, they are repelled by a distance 
10 cm from each other. Calculate the charge on either ball. 


Sol. Each pith ball is in 
equilibrium under the action 
of three forces—(i) weight mg 
of pith ball, (i) tension T, 
(iii) electric force Fins 

So we can apply triangle 
of forces, or Lami’s theorem 
or consider algebraic sum of 
moments of all forces about O 
and equate it to zero or equate 
resultant force along the verti- py. : 

Fig. 1-1 
cal or horizontal direction to 3 
zero. The last one is the mos 


t convenient method. 


We have F=T cos(90° — 8) =T sind 
where o= Z AOD (Fig. 1-1) 
and mg =T cos. 
Dividing, E =tano 
mg 
or F=mg tand 
bonda 
or atisi =mg tand 
Ar €o $ s 
9 È 10 10-8 x 9°8 pene: 
or 9 x10 bs its x E 


1 
ve 5413910? | 
( “Ameo á ) 
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ie 98x5 -8 3. -9 
or, a-,/, do-as X 1C =33 x 10 C: Ans. 

Ex. 7. ABCD is a square of side 10 cm. Charges of —10 C and 
+20 C are placed at A and B respectively and +-10 Cat D. Find the 
electric field at C. 


Vass - Sol. Electric field F, at C 
Oo 4E due to —10 Cat A 
BA 
(+10) j Be ss lO Lag 
D C Pa ARS, 4r €o (10/2 x 10-2)? 
3 


along CA (attraction) 


a 9. 10 
=9x 10' IIO 
ale = 45x 10! Vm-1, 
CO. (+20) ` > Electric. field F, due to 
Fig. 1-2 +20 Cat B 
N 


0 is TE 
meek ao yyin BC (repulsion) 
$ 0 


Electric field F} due to +10 Cat D 


1 10 10 
pepe Ns le eae aca 0y 
aa E AA ATTE 


=9x 102 Vm- along DC (repulsion). 
Fi =4:5x 10% cos 45° (—1) 445x 1012 sin 45° S 
==3:18x 102 7-318 x102 f 
— a 
F,= 18x 10" j 
> a 
F,=9 x 102 i 
> > > > 
F=F,+F,+F, 
=[(—3'18-£9) 1-4 (—3°18-+ 18) j] x 102 
or F=[5'82 11482 fix 10% 
On PE | = 4/582" F492 x 1021592x 1012 Vm- 


> 
Let F make angle 9 with x-axis, then 
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14°82 
t = =x 
an 6 -582 2:5464 
or 0 =68°34". Ans. 


Ex. 8. The distance between two charges 5x10" C and 
~2:7% 10-1 C is 20 cm. Where should the third charge be placed on 
the line joining, them so that it will not experience any force ? 


Sol. The charges are +50 and —27 pico coulomb (pC) 


i (pico = 10-#), 
Let x be the distance of the 
third charge ‘g’ from B to the right Ara B 
of it. 
50pC 27C 
+ 1 50x30-%g /_ 4 
= =r Fig. 1-3 
Bora Cte ii 
> 1° 27x10" (4 
and n-ga a (+i) 
> > > Es 
F-F, +F, But F=0 
1 (21x oa 
Ar €o\ x? (2x)? 
AS 27% 1073 150 10 
) x? (2FxF 
21(:2+x) = 50x? 
24% ME 
E Y 4/185 =1:36 
x J 27 y 
or ‘2+x=1'36x, or 36x ='2 
2 Ans. 
or Rony t 
x 36 556 m 


Ex. 9. A charge of mass 50 mgm and carry ing R en 3 
approaching a fixed charge 10x 10 C with a velocity point ‘5 m/s. 
Find the maximum approach of the charge. l 

Sol. Let the charge come nearest to the fixed charge ear 

Potential at a distance x from the fixed charge 


_ 1 10x 10-9, yoo 10x10 2% volt. 
Ar €o j x * x 


430 ‘NUMERICAL EXAMPLES IN PHYSICS 


Potential energy of the moving charge when it has reached 
the nearest point 


ea 5 x 10-9 joule (~ Potential at a point is also 
x 
potential energy per unit charge) 
= 450x107 
x 
Change in potential energy of the moving charge 
= Boxe —0 (becatise electrical 
potential energy at infinity is zero) 
-9 
= aara 10 joule 


By the principle of conservation of energy, 
gain in potential energy =loss in kinetic energy. 


450« 1032 2 ae 
<a pane «(50 x 10~*)("5) 
45 
; pees Leena = 7° mi Ans. 
or x 625 72 m=7'2 cm 


Ex. 10. Show that when a dielectric slab of thickness and 
permittivity er is inserted between two fixed charges q and q', the 
force of repulsion between them is given by 

Pa aC T 
Anla (dt Vert) 
and hence. calculate the dielectric constant of glass if on interposing 4 
glass slab of thickness half the distance between the charges force is 
reduced in the ratio 9: 4. 


Sol. Suppose that two charges q and g’ are d distance apart 
and. the space between them is completely filled with a dielectric of 
permittivity er- . 

1 qq" 

Then. F=—— .=>- 

ave Oo i eor | 

Let us suppose that when the same two charges, are d' distance 
apart in air the same force of repulsion arises between them. Then 


= Beta 
RS Areg d'7 
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erd? =d", or d'= yer d. 
Thus equivalent air separation = yerd so far the force of 
interaction is concerned. 


Now let us suppose that in between above two charges a dielec- 
tric of thickness ‘£’ and permittivity er is inserted. Then effective 


distance of air between the charges =(d—t)+ v ete 


: pe EE (ee Proved 
An eo: d—t+ ert)? 

d 

P Si 

ut t 7 

Then F’= 1 ws alls E N ali sls) 


masada a An eo 
o(a piye) 


Force in airis given by 


F- 
Fea A NT 
2 pE (given). 
55 E Sor 14+Ver=3, Or Wer=2 
OF <a Ans. 


Ex. 11. A liquid drop hangs in equilibrium between (wo copper 
ained at a potential 


plates separated by a distance 2 cm and maint radius Of 
difference of 600 volts, Calculate the charge on gie or if radius ©. 
the drop is *1 mm-and density of liquid is 800 kg/m*. i 

Sol. There is a uniform electric field between the two charged 
plates. Electric field means force experienced by unit charge. Hence 


if q is the charge of drop, force experienced by it o MOr Hele 
of strength E=gE. When this force equals the weight of the drop, 
it hangs in equilibrium. : 

gE=mg. 


Again, electric field = rate of charge of potential. 
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Ba where V = potential difference and d=distance 
between plates. 
gx Lame, or erted 
ah q- erie An (‘1 x 10-%)8.800 x 9°8 x2 x 10-2 
V 3 600 
or. qu EX ENO BN? 510-142 1-095 x 10-C, Ans. 


Ex. 12. At the corner A of a square ABCD of side 10 cm is placed 
60 nC (nano coulomb). Another charge —40 nC is located ai the 
centre of the square. Find the work done in. carrying a charge of 
+5 nC from the corner C to the corner B of the square. 


Sol. Work done per unit charge is always equal to potential 
difference. Hence we will calculate potential of C, potential of 
B and take potential difference between them. This will give work 
done per unit charge. i 

From geometry of figure, 

OA=0B=0C=0D=5vy2 cm=54/2 x 10- m. 
D A Potential of C 
EA C- boxo o; 40x107 
Ane 10V/2X10-2  4re5 V2 x 10 


q 


29x 10°x 60% 10" 9x 10° x 40x 109 
102x10 542x10? 


(heono B 
Fig. 1-4 fg ee 10") 
An €g 
= 2700/2 — 3600/2 = — 900 V2 = — 1272°6 volt. 
Potential B= “eile seen = 40x 10-° 


AnegX 1010 © 4megx 54/2102 


= 5400 — 3600 V2 = 5400 — 5090-4 = 309-6 volt. 
Potential difference between B and C= Vg —Vo 
= 309-6 —(— 1272°6) = 1582-2 volt. 
Work done from C to B =1582°2 joule. 
<. Work done in taking 5 nC from C to B 
= 1582:2 x5 x 10-°=7°91 x 10-8 J. Ans. 
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EXERCISES 
(A) 


1. The force of attraction between two charges +-30x10-* C and 
—20%10-* C separated by a distance +20 m is found to be 5X 10-° N. Find the 
relative permittivity of the medium. (Ans. 2°7) 


2. Two charges of +410-7C and —8x10-7 C are 20 cm apart. Find 
the resultant intensity at a point P situated 20 cm from either charge. 

(Ans. 15°6><104 Vm- at 30° inclination with the line joining the two 

i charges.) 

- 3, The distance between +50x10 C and —32x10-° C is 20 cm.“ Where 

a third charge be placed on the Jine joining them.so that it will not experience 
any force ? oH 2 

(Ans. at a point distant 1 m from the first and -8 m from the second) 


4. Two pith balls each weighing 10 mgm are suspended from same point 
by silk threads each of length ‘25m, When equal and similar charges are giver 
on them, they repel each other and are ‘10 m apart. Find the charge on each 
pith ball. ; (Ans. 467x10- C) 


5. What is electric intensity in, the field of a gold nucleus (atomic 
number of gold=79) at a distance of 10-14 m from, the nucleus ? 
(Ans. 114x10 Var”) 


6. Ana-particle carrying electric charge 3°2x10-" C is at a distance of 
13°8x 10-15 m from a gold nucleus (atomic number=79). Calculate the red 
exerted by gold nucleus‘on a-particle. (Ans. 1:911 X10 N) 


7. A charge of 50x 10-® Cis placed at a point P. What amount of work 
will we done to bring 2x10-°C from infinity to a point 5 cm away from P T 
What work will be done to move a unit charge around Pin a circle of radius 
8cm? (Ans. 18x 10-° J; nothing) 

8. A small uncharged sphere is placed in contact with an equal and 
similar charged sphere and then removed to a distance of 4 cm. The force of 
repulsion between them is now 9x105 N. What was the original charge 1m 
the charged sphere ? y (Ans. 8x 10-° Cp 


9, Anclectron is projected with an initial velocity 10” ms~* into ne dend 
field between two parallel plates 1 cm apart. The electron ape i = the 
at a point mid-way between the) plates. If the electron just ae the 
positively charged plate as it emerges from the field, find the magnitu 7 ° sof 
electric intensity between the plates. (Length rent ape Leo eg 

= -31 i tron= 1°6 x 19- 
electron= 9 10-*1 kg and charge of elec! (Ang, 1406 TA A 


P L a eA 
positive electricity are suspended by light antl Hend makes an angle of 
the same point. In the position of equilibrium each threa 


450 with the horizon. Prove that qzaly STE mE. 
N. E. P.-28 
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11. Charges of +q, +2, +g and —g are placed at the corners of a square 
ABCD respectively. Sapine the electric field at the intersection of diagonals 
of the square when q=5x10-° C and length of each side is 10 cm. 

(Ans. ‘9104 Vm-? or newton per coulomb) 

12. Two small equal spheres carrying unlike and unequal charges are 
Placed 8cm apart and attract each other with a force of 4x10- N. After they 
have been connected for a moment by a thin conducting wire, they repel each 
other with a force of 2x10-° N.. Calculate their original charges. 

(Ans. 103x 10-° C; 2-76 10-*C) 

13. Two small conductors ‘3 m apart carry 10x10-® C and 20x10- C of 
electric charges. Find the potential and intensity at a point exactly midway 

-between them: (Ans. 1800 V; 4000 Vm-1) 


‘44. An electron of mass 9 10-*! kg carry 1°6x 10-1" C starts from rest 
from one point and reaches a second conductor with a velocity 10’ ms—1. Calcu- 
late the potential difference between the points. " (Ans. 281:25 V) 


15. Calculate the radius of water drop which would just remain suspended 

‘in the earth’s electric field of 300 Vm-* when charged with one electronic charge. 

(One electronic charge= 1:6x 10-1" C) (Ans. 1:05 x 10-7 m) 

16. ABCD is a square of 2m side. Positive charges 2x 10— C, 4x10-°C 

and 8x 10-° C are placed at the points A, Band C. Calculate the work done 
to transfer one coulomb of charge from D to the centre of the square. 

5 (Ans. 313:6 joule) 

17. Two charges +2x10-? C and 810-9 C ; are placed ‘3 m‘apartin 

air. Find point or points where electric field and potential is zero. 

(Ans. Ata distance ‘3 m from -+2x10-° C on the other side of it. 

There are many points where potential is zero. At those points 

potential is zero whose distances from the charges are in the 

ratio 1:4) 

18. Two charges 4 cm apart repel each other with a force of 2x10 

newton in air. When a dielectric slab of thickness 1 cm is placed between 

them, the force is reduced to 1:5X10-? newton. Calculate permittivity of the 

_ dielectric. (Ans. 2-62) 

A X A EE 4 
19. Charges of magnitude 3 3° 7 and = nanocoulomb are placed 
| respectively at the corners A, B, C, D of a square of side 2 cm. Find the work 


done in taking $ nanocoulomb from mid-point of AB to the mid-point of CD. 
i 3 
(Ans. 1:104>< 10-8 joule) 


20. Four small spheres carrying z, e +% and — 2 nC are 


placed in order at the angular points of a square ABCD of 10cm on each side. 
~ Calculate the force on a charge of 4% nC at the intersection O of diagonals. 


(Ans. 6 10-* newton from O to D) 
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21. An electron is liberated from a hot filament and attracted by anode at 
1200 V. What is the speed when it strikes the anode ?- (e=16X10-" C) 
(Ans, 27110" ms™*) 
(B) 
22. A certain charge @ is to be divided into two parts q and Q—q. What is 


the relationship of Q with g if the two parts placed at a given distance 
apart are to have a maximum coulomb repulsion ? fo) 
(Ans. $) 


23. A uniform electric field exists in the region between two oppositely 
charged plane parallel plates, An electron is released from , rest at the surface 
of negatively charged plate and strikes the surface of the opposite plate, 2 cm 
distant from the first in an interval of 1:5x 10-8 s- (a) Find the electric intensity, 
(b) find the velocity of the electron when it-strikes the second plate. 

À {Ans. (a) 1000 Ym; (b) 2°67 108 ms~*] 

24. Two brass plates are arranged horizontally one 2cm above the other. 
The plates are charged toa potential difference of 6600 V. Now very fine liquid 
drops are sprayed into the space between the plates. Big drops collect at 
the bottom Plates, some drops go up and some remain stationary. How do you 
explain this ? If the radius of stationary drops is 2X 10-* m and density of liquid 
800 kgm-, calculate the charge carried by the stationary drops. Does this result 
confirm quantisation of charge 2 ; 5 

(Aas. 77962 x 10-*° C; yes, each drop carries charge 5 times 
the quantum of charge which is 16x 10-” C) 


25. Three charges —1p C, 2u C and 3p C are respectively placed at the 
corners A, B, C of an equilateral triangle of 2m on each side. Calculate the 
Potential and electric field at mid-point of the side BC. bite Y 

(Ans. 4x 10* volt; 9:5x 10° Vm-* at inclination 
18° 25’ away from the point) 

26. Three small balls, each of mass 10 gm, are suspended separately from 
acommon point by silk threads, each 1 m long. The balls are identically charged 
and hung at the corners of an equilateral triangle -{ m long on & gars 
is the charge on each ball ? (Ans. 6x107 ) 

27. In the Bohr model of hydrogen atom, an electron revolves in a 


; ; i the orbit 
circular orbit around the nucleus of a single proton: Each pte eon 
is 5° - revolutions 0} 7 
is 528x10- m, find the number of same as on electron 


(Charge on electron=1:6X10-"'C and charge on Proton i 
but positive.) 


’ 4, j = 2. - jè 
Cini Comoe basa a P Ans. 6°6 x 10" revolutions/sec) 


i 2a. A 
iti i are separated by a distance 
ie test char pel SUA arte s normal to the line joining these 


point test charge is located in a plane which i i circle of 
charges and mid-way between them. Calculate the ped i E SeN 
symmetry inthis plane for which the force on the test charg 


a 
value. $ ( Ans. r= 7) 
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29..An alpha particlé of velocity 1-610? ms-—? approaches- gold nucleus 
(Z=79). Calculate the distance of the closest appreach. Mass of analpla © 
particle=66 x 10-27 kg. What is the significance of this ‘closest approach’ ? l 

(Ans. 4:3 10-14 m; the size of the nucleus cannot be 

greater than 43 10-™ m) 

30. Three charges ~q. +g and —q are placed along a St. line at equal 

distances, say, a. Calculate the potential energy of this system of charges 

(i) when +g charge is in the middle, and (ii) when this charge is at one end. 


f 3q? tf =g? 
Ang (1) — eis (ii) ie | 


31. Two concentric spherical Shells of conducting material and of radii 
a and b (6>a) are given charges q, and q, respectively. Find out the potential at 
a point distant r from the centre, (i) outside the two shells, di) in between the 


two shells. What is the potential difference between the two shells and what 
will happen if they are joined by a wire ? 


Re Fs ry eee TaN CESTE CHA PZT gı fod feu i : 
| ans © grer > CD 4ne, (24% s Gil) Sack a by 
(iv). they will come to a common potential] 
32. Two equal char; 


ges, +-Qeach, are ata distance r from each other: A 
third charge q is placed on the line joining the above two charges such’ that all 


these charges are in equilibrium. Find 4, in terms of Q. o 
? ( Ans. a=% ) 


33. An infinite number of charges each equal to q are arranged in a line at 
distances 1, 2, 4, 8, 16,.........from a fixed point on the line, Find the potential 
and field at that fixed point. What will be the potential and electric field if, in 
the above set up, the consecutive charges haye opposite sign ? 


CAs oe SC i aM RRR.” 
(ans. 2ne, > 3ne,’ Gne’? tz) 
34- Hone. charges kit 2-H and shay aio placed: at? thie: four’ cotliels 
ABCD of a square of side ‘a’, Calculate the field and potential at the centre of 
the square. 


V2 i i 
( Ans, ae along the perpendicular bisector of line joining -+3g ang 


-+44 and away from the centre; potentiai= 750 ) 


35. Two identical positive charges are placed at the diagonally opposite 
corners of a square and two more identical but negative charges are placed at the 
remaining two corners. What is the work done in putting all charges together at 
the centre if q is the magnitude of each charge and 2a is the length of each side of 


the square ? h K 
Ans. anv) joule | 
6 + 


j 


| 


l 
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tial energy of the systemi of charges ? Whati is the Significance oT its negative 
potential energy ? 


bat I 
T a fg wien ais Side of square. 
They forma closed stable system.) 


37. A thin copper ring of radius ‘a’ is charged with q units of electricity. 
Calculate the electric field at a point 0 on the axis of the ring. 


(s ns. Q=—2\/29; 


3/2 


Ans. E= eae where x is the distance of point from the 
: 4n€, (a?-Lx*) 


centre of ring.] 


38. An electron is placed at the centre of the copper ring of the problem 37. 
Show that if the electron is displaced a little, it will phor simple harmonic 


2 
motion of frequency E ‘a 3 d. I. T. 1982) 

39. A thin half fing of radius 20 cm is uniformly charged with ioe 
nah ‘TnC. Find the magnitude of the electric field at peame at, wees 


40. A thin non-conducting ring of radius r has a linear charge cig 
q=q, COS 0, where go is a constant and @ is the angle at the centre Se ae 
diameter of maximum charge density in the Bory dieman Fin 
electric field at the centre of the: BALiOY gi “ae ie 


PoP, 
tioy. 65209 


& the tension 
41. A thin wire ring of radius r has an electric charue a: What is 


of the wire if'a point charge q is placed atthe sing's) centre ? 


AI f 990 
Dstt : -7 (oe fz) 


adius R. 
42. A charge +Q is uniformly í distributed oyer a tia fak Aol aah 
Find the velocity of a negative point charge —@ at the mer ako onthe axis 
the centre of the ring if the charge — Q was initially at rest at infinity 
of the ring. The mass of the charge — ae is equal to m. ee 
6f¥ oi (ans va |i k ma ED) 
: C aa ass 
43,-‘Three identical «particles, each of « schare. hin poer z e a 
m=75x10- kgare placed at the vertices. of an egui a PAn 
] each other by coulomb forces to larg 


ro=1 m and released. The particles repe ae srs when 
equilateral triangles. Find the relative velocity between a W 


50: sg 
the triangle has grown toa side of r=2 m. cam us 5 Sz be) 
=3x 108 ms] 


o00 


CHAPTER 2 


POTENTIAL AND FIELD DUE TO A DIPOLE 


1, Dipole: A pair of two equal and unlike charges separated 
by a small distance (small in comparison to distances of physical 
interest) is called an electric dipole. 


If --g and —q charges 
are separated by a small 
distance .2/ then dipole 
moment is given by 
p=2ql coulomb metre 
(Cm). 

The potential ‘V’ ata 
distance r in a direction 
© from the axis of a 


dipole is 
V= 1 pceose 
Fig. 2-1 nk aa 
; volt (V). 


The electric field at the same point is : 


ENN 
Ane 


The components of the field along and perpendicular to r are 


E 


. fv 1-+-3cos*6 volt per metre (Vm=). 


1 2pcose 1 > psine 
A ey rd T ee Saad 
r Fre, E] and Ep ane, aes) 


` Direction of the field with r is given by 


tan 
tana= 2° 

2. Dipole in an electric field: When a dipole of moment p is 
placed in a uniform electric field E, it experiences torque (t) given 
by t=p Esino newton metre (Nm) where 6 is’ the angle between the 
dipole axis (—charge to +charge direction) and the electric field. 

i > => — 
t= p XE: 

3. Energy of-a dipole in an electric field : The work done in 
turning the dipole by external agent through 9 from its zero potential 
energy position (@=0) is stored as potential energy of the dipole. 

À U=pE(1 — coso) joule (J). 


In vector notation, 
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EXAMPLES 


Ex. 1. ABC is a small isosceles sight angled triangle of hypo- 
tenuse 1 cm. A charge of +40 pC (pico coulomb) is placed at right 
angled corner A and —20 pC and —20 pC at B and C respectively. 
Show that this system of charge may be treated as a dipole for all 
external points at large distances. Calculate the potential due to this 
system of charges at a point on the prolongation of the side AC at 
a distance 40 cm from A. 


Sol. The two charges —20 pC and —20 pC at B and C may be 
supposed to be concentrated at the mid-point of the hypotenuse. 
Thus the whole system may be treated as a pair of two charges 
+40 pC at A and —40 pC at the mid-point of BC. Hence they are 
equivalent to a dipole of length 5x 10-2 m. 

p (dipole moment) =2q! 
=40 x 10-12 x "5x 10 

(e rpe le © 
=2x 10-8 Cm: 

We know, potential at a point due toa 
dipole 


_ 1 pcos 
Aney r? s 


-e ee ee ee ee n 


1 2x 10-#c0845° ~20pC}E 


V= 5 
4neg (4) 


eh 9 10° x2 10-13 x *707 A g 
“16 _ +40p6 -20pC 


le 1 910° Nm®C*) 
Aneg 


or V= Bx x 10-8 =7°95 x 107 volt. Ans. 


of a dipole consisting of two 


Ex. 2. Calculate the binding energy 
20, (micron). 


charges +-4 pC and —4 pC separated by a distance 


Sol. | pC=107# Cand 1 p= 107% m. 


The binding energy of any system is the energy required to take 


the charges to infinity from the present configuration. 
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The energy required is the work to be done to bring the charges 
to the present configuration from infinity and this is exactly what is 
self-electrical. potential energy. 


Electrical potential energy = Ena a 
x Areo F 
— 1 (4x 102) x 4x 10-2 
Agen in 0x0 


; 16 x 10-24 1 ; 
=— (pee ea PA a AET 9 20-2 
“PL ayo (: Fay 79% 10 NaC ) 
< NE 272X100]; ; 
_,+, Binding energy of a dipole = —7:2x 10 joule (J). Ans. 


\ 
"The minus sign shows that work-is done, by the: force itself and 
the system is a closed one. 


. Ex. 3. A system consists of two identical dipoles placed along 
the sides of a square ABCD in such a way thai +q and +q of them 
lie at the corners A and C and —q and» =q-at the corner B. 
Calculate the potential due to. thei systemsom the diagonal BD at a 
` distance r from the intersection of the diagonals of the square.-\Rhe 
length of each diagonal is 2a. 


Cael A NEE REO A a 
Eor K mere BP 


PELAT fe ee a 


AP =CP) 
a -1) 
Ate VP La r+a 


= 24 TES 2D e] 
Ane, r(l-+-a%/r)8 aoa! 
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or V= i [are (iFa): | 


2tegr 
We expand andmeglect powers greater than 2°’ Then 


ae a) coh 


2ne or 7 


EXERCISES 


1. ABC 48a very small equilateral triangle of side -5x10-* m. A charge of 
£20 aC (atto coulomb) is placed at ahe corner A ‘and two charges, each of 
10 aC, at Band C. Calculate the potential at a point on the prolongation of 
HC distant 2 cm from A. ` } é 

{Hint : 1 aC (atto coulomb)=10%* coulomb] (Ans. 1:687X 107 volt) 

2. An electric dipole consists of two opposite charges of magnitude 1 pC 
{micro coulomb) separated by adistanceof2cm. The dipole is placed in an 
electric field of 10° Vm-2. (a) What maximum torque does the field exert on the 
dipole ? (b) How much work mustan external agent do to turn the dipole send 
for end, starting from a position of alignment @=0 ? 3 i 

[Ans: (a) 2X10 Nm; (b) 4x 1072 joule] 

3. Show that the potential at a point of co-ordinates (x, y) with reference 
to the axis of the dipole as x-axis andthe line ‘perpendicular to the axis and 
Passing through the centre of the dipole as y-axis is 

1 px 
Te," (tty) i 
and hence show that the components, of fields along x and y axes are given by, 
2x°—y* 
Gt) 
chip) eee 
Anes" (xy) 
Aini" Find the value of cos and r jn terms 0 


pisis 
ie Ane, | 


Ey 
fx and y and substitute 


à i ov 
their values in the standard formula Ze= -2E and Eag” 


“4. A dipole of moment 4x 10-4 Cm is placed with its centre at one corner 
of a cube of 20 cm on each side and its axis coinciding with one of the edges at 
that corner. Calculate the potential and field at the diagonally opposite corner. 

"ans. 1°73 10-* volts 1225x102 Vm’) 
form a cross with their axes (- to +) 


5. Two dipoles of moment 5X 10-7 Cm 
2 a potential at a point 20cm away 1 a 


along the co-ordinate axes. Calculate the é 
direction making angle 30° with the x-axis” (Ans. aphid 
6. Find the locus of the points where the electric field due to a dipo! 

(i) perpendicular to its axis, (ii) anti-parallel to the axis. 


| ain : tana= Aal (Ans. ast. line at an inclination of 


54044’ with the axis; a line perpendicular to the axis) 
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7. Find the locus of points where the electric field (resultant) will have 
always a bearing of 45° with the axis of the dipole. ` 
(Ans. A straight line at an inclination of 29°18’ with the axis} 
8. A dipole consisting of +-10 nC (nano coulomb) and —10 nC separated 
by 2 cm oscillates in an electric field of strength 60000 Vm-?. Calculate the 
frequency of vibration of the dipole if its moment of inertia about the axis of 
oscillation is 3 x 10-29 kgm?. 


J R. p 
[m :t=27 PE a formula similar to t=2r 4 -mp in magnetism | 


(Ans. 31°83 Hz) 

9. Suppose that the orientation of four charges is such that -+q and -+g of 

it lie at the opposite corners of a square and —g and —gq at the other two remain- 

-ing corners. Calculate the potential and field due to this system at a point 

on the diagonal of the square at a distancer from the centre of the diagonals. 
The length of each diagonal is 2a. Assume a to be small. 


Toe pled OSE cl Lap ,, 20 
(An Vm re eae H 


10. Two identical dipoles have their axes at right angles to each other and 
also bisecting each other. Calculate the field at a distance r from the point 
of intersection of their axes in a direction @ with the axis of one of the dipoles.. 


[am E= : 


Bes 2 /5-+3sin20 where p is dipole moment of each 
‘0 


ano | 


11. A system consists of charges -+q and +q at the {opposite corners of 
a square of side 2q and —q and —q at the other two remaining corners. 
Calculate the potential and field at a distance r from the centre of the square 
along a line parallel to the two sides of the square. Assume a < r. 
3qa* 
mer 

12. Two electric dipoles, each of dipole moment p=6'2 x 10-*° Cm, are placed 
with their axes along the same line with their centres at a distance d=10-* m 
apart. Calculate the force of attraction between the dipoles. 


Ans. V=0 and E= 


(Ans, 2:1 x 10-78 N) 

13. An electric dipole of dipole moment p is placed in a uniform electric field 
E with its axis parallel to E,. In this case one of the equipotential surfaces 
enclosing the dipole forms a sphere, Find the radius of this sphere. 


p 
(ans. r= a am) 
14. Calculate the energy released in the formation of 1 kg of hydrogen 
chloride, it is given that the dipole moment of hydrogen chloride molecules is 
3:44 10-89 Cm and the separation between hydrogen and chlorine atoms in the 
equilibrium position is 1:01 x 10-19 m. (Ans. 1:65 x 10° J) 


000 


CHAPTER 3 


GAUSS’S THEOREM AND ITS APPLICATIONS 


Gauss’s theorem : The total electric flux through a closed surface 
bos 
drawn in an electric field is equal to ae times the charge enclosed 


by that surface. Mathematically, 


SE.AS=-L. 
€o 


Applications : 


(i) Intensity of field due to an isolated 
uniformly charged spherical conductor © 
Suppose P is a point situated outside a 
uniformly charged sphere having +9 
charge. Draw a concentric spherical 
Gaussian surface through P. 


Now SE AS=ZEAS cos0® 


| = ELAS = EAn’. 
| 
E 4nrt=—4 
€o 
ENTE A 
or E= im : 4; vectorially, ee IR 


insi jan surface 
If the point lies inside then the charge inside the Gaussian 


is zero, 


E.Anr*=0, ae Ẹ=0. 
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(ii) Intensity near a long cylindrical conductor : 


Suppose P is a point situated outside 
an infinitely long charged cylindrical con- 
ductor: “Draw a co-axial cylindrical Gau- 
ssian surface through P of length J, 

For'curved surface 


> > 

LE. AS=ZEAS cos 0°= Ez AS 

=E,2nrl. 
> > 
For flat surfaces, ZE. A S=0., 
> => 
(ZE. AS) for the entire surface 
= E2nrl. 


If q=linear density of charge then 
charge inside the Gaussian surface. is ;q/. 


E.2nrt=—! .gl 
fhe neg 
AL aL 
Areo r 


(iii) Electric field due to an in- 
finity sheet of charge: 

Suppose P is a’ point close to an 
infinite sheet of charge. o= surface 
density of charge. Draw a cylindri- 
cal surface with axis perpendicular 
to the sheet and ‘having the point on 
its end face. 

_ The cylinder is extended to the 
same extent on the other side of the 
sheet. If S=area of each end face 


sar axe . fi 
then (ZE. AS) of the entire Gaussian 
surface =2ES. 


+. By Gauss’s theorem 2ES=-1 So 


€o 


bas A A . . 
or E=—2, or E=—°-nwheren is the unit vector along 
eq 2eo. | 


the normal to the plane of sheet. 
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If it is a conducting sheet, charge will be just double because a 
conducting sheet will have charge on both the surface. 


(iv) Mechanical force on the surface of a charged conductor : The 
mechanical force per unit area of a charged conductor of surface 
density o is given by Gauss’s theorem : 


soi 
BE 


F= 


(v) Electrostatic energy in a medium : The density of energy of 
electric field in a medium is given by : 


u= hey E? joule per cubic metre (Jm~). 
EXAMPLES 


Ex. 1. A sphere of a radius ‘a’ is uniformly. charged throughout 
its volume with a volume charge density of o. Calculate electric field 
at a distance r from the centre of the sphere when (i) r<a, (ii) when 
r>a. 


Sol. Consider a concentric spherical Gaussian surface. 


> > $ 
Electric flux=2E. AS=4nr? E. 


i arge insi i Re Dir... #8 
(i) Charge inside the Gaussian 3 


edi. Ans. 
an E= 1. S15, or ANETA 


ii ‘ge insi i surface # Sata. 
(ii) Charge inside the Gaussian 7 


ÅT 3o 
PENT AN X Feo 
EFs 
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Ex. 2. A piece of metal foil 2x10-4m?in area and one centi- 
gramme in mass lies on a horizontal metal plate of area 2. m?. Caleu- 
date the charge to be given to the plate so as to just li ift the foil. 


2 
Sol. The mechanical force per unit area of foil= -2 
€0 


2 
Mechanical force on foil = 5 XS where .S=area of foil. 
E0 


When this force will be equal to the weight of the foil, it will be 
just lifted. i 


2e me 


0 
ne 2e mg 
8 Joe 


Putting the standard value of «,=8:85x10- and the given 
values of m and S we have, 


am oes 102 x ‘01x 10-3 x 9-8 
ee 


Charge to be given to the plate=area x surface density 


=2x [2X885x 10? X01 XK 10-2 x98 
2x 10-4 


=V4X 8:85 x 9°8 x 10-19 = 5:89 x 10-6 C. Ans, 


Ex. 3. Ifthe field near the earth’s surface 300 Vm! directed 


downwards, what is the surface density of charge on the surface of 
the earth ? i 


Sol. We have, E= T - Rate of fall of potential is equal to elec- 
0 


tric intensity. 


Here E=300 Vm-1; 6 =300 x 8°85 x 10-12 


=2°655 x 10-9 Cm: 2. Ans. 
Ex. 4. A soap bubble of radius 3-cm is charged with9 nC (nona- 


coulomb). Find the excess of pressure inside the bubble. Surface 
‘tension of soap solution =3 x 10-8 Nm-1. 
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Sol. There is excess of pressure on account of surface tension by 


an amount I. This pressure tends to contract the bubble. There 


is an outward pull due to charge on it by an amount —— Fri This 

€o 
helps the bubble to stretch out. Hence this partly balances the excess 
of pressure, 


<. Excess of pressure inside a charged soap bubble 


Now,  q (total charge) =4ar?o 


Ses Nip Pees 

ae ‘ os Nae 

A È AP Se Rs 

.. Excess of pressure = —— — aoa, 

_ 4x3x10- (9x 10-*)? ; 100 


S E EA a A oe T 
= 310 3m 0x10 x885x IO | 32m x885 
='4— 036 = "364 Nm. : Ans, 


Ex. 5. Air -gives way when there is a gradient of potential 
by 3x106 volt per metre. What is the maximum voltage to which a 
sphere of radius 1. cm can. be charged ? What is the charge required ? 


Sol. Rate of fall of potential is the electric intensity. punik a 
spherical conductor can be charged to that potential when electric 


intensity on its surface is 3x 10° Vm. 


Let V = Potential to which a sphere of radius of r can be. raised. 


piep- iter and v- +2 = eons the charge to 
Mey, r? 2? Ames r 
be concentrated ar the centre which we can do for p 
Surface and outside the surface). 


ERTO ng ‘Aneot =L, 


prest. Ar) 


V Aner? Q 


oints on the 
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ger. 
ij 
V=Er=3 x 10®x(1 x 10-*) =3 x 104 volt. Ans, 
Now Q=4regrV ; 
1 1 
= X (1X107 & $i = 
gxi * ( x 10-*) x3 x 10 ( Arey E 


ZII 10S C; Ans, 


Ex: 6. A sphere of radius 10 cm is charged with1-nC (nona- 
coulomb). Calculate the energy density of the medium at a distance 
20 cm from its centre. 


Sol. We have, E= , (assuming charge to. be concentrated 


2 
Anegr’ 


at the centre which we can always do for points on the surface and 
outside of the sphere). 


Now, u ants PEETS, TERSA Biss Get. 
Bie OD Oa es 2 “16ne rt. 32n%e grt” 
NN (10-9)? if 10-2 
E 32m2x8 85x 10720x 10r)  32m2x885x16 
=224x 10-7 Jm Ans. 


Ex. 7. Calculate mutual force of attraction between two parallel 
plates 1 cm apart and maintained at a potential difference of 1000 volt- 
Area of each plate=10-* m?. 


a i Sol. Electric intensity E at a point near & 
Y plane conductor having charge only on one side 


; = where «=permittivity of the medium 


- between plates. 
Force of attraction per unit area 
fe. DA (—05) (~ —o is the charge per 


unit area of the other plate and force per 
unit charge is the intensity of electric field) 


Pe ee Oe St a ee ee. 3 
[j 


“ill 


2 ; 
T (minus sign simply shows that it 


Fig. 3-4 is a force of attraction.) 
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Force of attraction between plates= 5.4 where A=area of 


each plate. 

re 
2e 
the electric intensity at any point due to charge on plate A from A 
to B and electric intensity at the same point due to charge on other 


Now, electric intensity at any point = tas because © is 
Je ue Jë 


plate (B) is also SP in the same direction. Recall that direction of 
E€ î 
field is the direction of force experienced by a unit positive charge. 


o 
E=; or o=eb. 
€ 


Mutual force of attraction= 4 OB = 5B, 


For air or vacuum, €=€5. 
Mutual force of attraction = }¢92"A. 
We know, intensity = potential gradient (numerically). 


V 1000 TE 
= 0 2 105 Vm-. 
j d. 1x 107? 
p= 8°85 x 10-1? and A=107 m?. 
Force of attraction = X 8°85 x 10-1(108)?.10-° 
— 4:43 x 10+ newton. Ans. 


EXERCISES 


(A) 
4 : i is placed on & 
1. A gold foil weighing 100 mgm per square centimetre is pl itat “thle 


i i ity of charge so 
horizontal conducting plate. What should be the density 0 be 
foil may just rise ? (Ans. 9:310-* Cm-*) 


i face 
2. Calculate the surface density of charge at a place on the earth’s sur 
where the rate of fall of potential is 250 volt per metre. 
| — © py Gauss’s theorem | 
Éo, 


| Hint : Rate of fall of potential=electric field=E 
k (Ans. 2:21 x 107° Cm’) 
A sant i r metre. 
3. A spark passes in air when the potential gradient is © Site PRA a 
What must be the radius of an isolated metal ar Ain 
Potential of 3 million volt before sparking into air 


p= (Ans, 1 m) 


p Q e; 
; | Hin : E= ‘ane and V= quer’ 


N, E. P.-29 
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4. Calculate the charge which must be Placed on a sphere of radius 10 cmin 
order that the repulsion per square metre of the surface may just balance the 
atmospheric pressure which is 1:013 x 10° Nm-2, 


[win =F and Omni | (Ans. 1-683 10-*C) 
‘0 


5. An infinite charged sheet has a surface density of charge 10-7 Cm-2, How 
far apart are the equipotential surfaces differing by 5 volts 2 
` [Hint : Electric intensity=rate of fall of Pofential.] 
3 (Ans. ‘885x 10— m or ‘885 mm) 
6. An isolated metal sphere whose diameter is 10, cm has a potential of 8000 
volts. What is the energy density at the surface of the sphere ? 
(Ans. *il Jm™) 
7. What charge must be there upon a soap bubble of radius 1:5 cm, if the air 
Pressure is the same inside and outside the bubble ? Assume the surface tension 
to be 27% 10-8 Nm-, 
[Hint : The excess of pressure inside a soap bubble due to surface tension 


2 
=f ; the mechanical pull due to charge=- iol 


26; 
Fazat 8¢,T 
ie ay daa 


(Ans. 31-29 x 10-* C) 
8. An isolated sphere of radius 5 cm is charged to a potential 159 kV (kilo 
volt). Find the electrostatic force per unit area of the surface. 


> o? O hnes rol 
t: ORERE Ta 

| win Force per unit area 2, and P: a ey eae | 
(Ans. 44°75 Nm“) 
9. A metal plate of radius 20 cm is charged positively to a potential: of 6000 
volts and Placed at a distance of 5 em from a parallel earth connected plate. Find 
the total pull. (Ans. 8x10- N) 
10. Two parallel plates at a distance ‘2 cm apart are raised to a potential 


difference’ of 1200 volts, If the space between them is filled with air, calculate 
the mutual. pull per unit area (Ans.. 1°59 Nm?) 


11. The air pressure is the same inside and outside a charged soap bubble 
of radius 1 cm. If the surface tension is 03 Nm-1, calculate the potential in 
ee (Ans. 1:65 x 10 volts) 

12. A spark passes into air when the potential gradient at the surface of a 
charged conductor is 310° Vm-1, What must be the'radius of a metal sphere 
(insulated) which may be raised to a potential of 210° volt before sparking 
into the air ? How much energy will be stored just before a spark occurs ? 

(Ans. *67 m; 148:3 J) 
(B) 


13. Two concentric spherical shells 


3. of radii a and b (b>a) are uniformly 
charged and they carry equal charges q. ay 


Find the electric field at a distance r 
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from their common centre when (i) r<a, (ii) a<r<b, (iii) r>b. 
[Hint : Draw Gaussian surface through the point and apply Gauss’s theorem.] 
ge ie ea a ee 
| Ans. (i) zero, (ii) ine” (iii) Z| 


14. Two co-axial cylinders of infinite length of radii a and b have linear 
charge densities p, and p, respectively. Calculate the electric field at a distance r 


when (i) r<a, (li) a<r<b, (iii) r>b: 
[Hint : Draw co-axial cylindrical Gaussian surface and apply Gauss’s theorem, ) 


| ans. (i) zero; (ii) ah diy ote | 


15. Calculate the electric flux through a hemisphere of radius R. The electric 
field Fis uniform and is (a) parallel, (b) perpendicular to the axis of the hemi- 
sphere. - : i [Ans. (a) tR*E; (b) zero] 

16. Two point charges +q and —q are separated by a distance 2/. Imagine 
a mid-way plane perpendicular to the line joining the charges. Calculate, the 
electric flux across a circle of radius R in this plane. The circle has its centre on 
the line joining the two charges. : EN Ga ` 

ans, A(1- Sarik) 
E VPR 

17. Show by the principle of superposition concept that if a cavity is removed 
from a uniformly charged sphere the field inside the cavity is (p a)|36n where p is 
the density of charge and a is the vector from the centre of the sphere to the 
centre of the cavity. aaisa S t 

18. A point charge 60 nC is placed at the centre of a thick insulated metallic 
spherical shell. The shell has radii 10 and 12 cm. Find the electric field at 


distances 5, 11 and 15 cm from the centre. What is the force between the point 
charge and the shell ? (Ans. 216x105 Vm; zero; 2:4x 10* Vm“; zero) 


19. Show that the electric field at a point between two ‘coaxial cylinders. of 


radii a and b is E= Vo where V, is the potential difference between the 
r logb/a y 

cylinders and r is the distance of the point from the common Axis» j 

20. The electric fields of the earth at heights 200 m and 300 m are -100 ien 

and 60 Vm-1 respectively in the downward direction. Calculate the net eo 

of charge contained in a cube 160 m on edge between 200 m and 300 m. Neglec 


n 3°54 pC 
the curvature of the earth. (Ans, 3°54 pC) 


ooo 


CHAPTER 4 
CAPACITORS 


1. Capacitance : If Q is the charge given to a conductor and V is 
the potential to which it is raised by this amount of charge, then itis 
found that Qay 


or Q=CV where C is a constant called Capacitance of the 
conductor, 


Its unit is farad (F). 
20 
c= farad (F). 


2. Capacitor : A pair of conductors Separated by some insulating 
medium is called a capacitor. The insulating medium plays a very 
important role and in fact it is this medium which is responsible for 
formation of capacitor, the conductors only serving as means of 
applying electric field in the medium. This medium is called 
‘dielectric’ of the capacitor. 

Capacitance of a Capacitor : When Q units of electricity is given 
to one of the conductors, and thereby a potential difference V is set 
up between the conductors, the capacitance is then defined as 


-2 
C= $, farad (F). 


3. (i) Capacitance of a sphere : C =4regerR where R is the radius 
of sphere and ep is the permittivity of the surrounding medium. 


(ii) Spherical capacitor : C= Ameer ab 


5 where a=radius of inner 
—a 


sphere, b= radius of outer sphere. 


(iii) Cylindrical capacitor: C = 2706r} where J= length of either 
X logeb/a 
cylinder, a= radiusi of inner cylinder, b= radius of outer cylinder. 


(iv) Parallel plate capacitor : C= Sued where A =area of either 
plate, d=distance between plates. 


Note: ep in all the above expressions stands for the relative 
permittivity of the dielectric of the capacitor. 
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4. Energy of a charged conductor or capacitor : If C is the capacity 


of a conductor or capacitor and V is the potential of conductor and 
P.D. in case of a capacitor, then energy of conductor or capacitor is 


given by 
2a 
U= 3C joule (J) 
or U=3CV? joule (J). 
EXAMPLES 


Ex. .1. Two spheres of 3 and 8 cm radii are charged respectively 
with 4x 10-2 C and 16x 10 C of electricity. If they are joined by a 


Sol. Capacity of the first sphere = 4n«93 X 10° F 
= ,, the second, ,, =Aneg’ x 10? F. 


Capacity of the two after they are joined =4neq (3+8) x 10°F 
a jn 4meg11X 107 F: 


Total charge=20.x 10> C. 
l Let V be the common potential. 


Then, _Q_ 2x10? volt. 
os p C Mme 11x10? y 
Now, Q, (charge on 1st) = VC= ae. « 4reg3 X 10° 
erie Anegl1 X 107 
=5:45 x 107° C. 
, Ares X 107? 


Q, (charge on th nd) C=: 20x10 
2 (charge on the secon) Oaa 
= 14:55 107°C. 
fi Hence 1°45 x 10 C will flow from the second co 
rst. 


Ex, 2. Eight globules of mercury, each having a diame 
and a charge of 5 x 10- C unite to form a large globule. 
be the potential energy of the new globule ? 


Sol. Let r= radius of the new globule. 


3 
faa (102), or manly =I ™ 


3 
Total charge =8 x 5x 10° =40x 107° C. 
Capacitance of the new globule =4reo 107 F. 


fine wire, find how much charge will flow from one sphere to the other ? 


nductor to the 
Ans. 


ter of 1 mm 
What would 
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gh 
are 
fai inte z 
0 x 10-*)? as oe =9 10") 
5 ca aimed Natl oa" 
=72x 10-*joule. Ans. 


Ex. 3. Show that if a dielectric of thickness t and having same area 
as the plates of a parallel plate capacitor is introduced, the capacitance 
of the capacitor is given by 


C= 6, A 
she 
CARN. 


Sol. Suppose we haye a parallel plate air capacitor of capacitance 


C. Then C= ea where d= distance between the plates. 


If we fill up the entire space by another dielectric of permittivity 


er then Ces a na 
eas 


Now if the two capacitances are supposed to be equal then we find 


that, F occurs in place of d; 


Thus, ‘d’ distance of dictsoaica t distance of air, so far the 
€p 
capacitance of a parallel plate capacitor is concerned. 
Therefore, if a dielectric of thickness t is introduced then it being 


equivalent to t/er of air, the effective air distance between plates is 
(d—t)-+t/er. 


Be A 
bate AVE TPN 

Ex. 4. Two equal drops of water having same and similar charge 
coalesce to form a large single drop. Show how the surface density, 
capacity, potential and energy change ? 

Sol. In the process'of coalescence two things remain constant, 
mass and charge. We will make use of this fact. 

Let _r=radius of each drop 

R=radius.of drop formed. 


Proved. 
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Then since mass remains constant, 

An 4 

AT R35 — 2 Trs 
3 p=2xX 3 rp 
or R=2r. 2 


N ‘ 
ow, o, (surface density before) = por where q= charge on each, 


C, (capacity before) =47e0"- 
C, (capacity. after)= AnegR= 4ne,28r. 
Cyr C,= 112821: 126. Ans. 


V, (potential of each before) = SE 
Anegr 


V, (potential after)=7—— R 
Areo R Ane 2 
o4 r 


Vas + cor Vy Vex bs: 1°59, 
U; (energy of gi ea PE o 

ı (energy of each) AET A ( 1 =Aneor) 

U, (energ i i ates D “Ag 

a (energy of combination) 3c, 8 aR 

2 
ME : 
Smeq22r 

U: U,=1: 98-1: 3°18. Ans. 
Ex. 5. Two spheres of radii 3 cm and5 cm are charged to potentials 
by a thin 


They are then connected 


3000 and 4500 volt respectively: 
ic energy in this process. 


oo wire. -Calculate the loss 
at happens to this energy 2 


of electr 
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Sol. C, (capacitance of the first) =4mepr=Aneg(3 x 10-2) farad, 
Ca ( S „ second) = 4rep (5 x 10-*) farad. 
Qı (charge of the first) =V1C,= 3000 x 4reg x 3 x 10° 
=Ane, x 90 C, 
Qa (charge of the second) = V,C,=4500 x 4me, x 5x 10 
Ame, x 225 C. 
When joined together by'a wire two things get added, charge and 
capacitance. Potential becomes common. 
Capacitance of the combination 
= 4neo(3 x 10-2)-+ 4re X (5x 10-2) Sey x (8  10-) F, 
Charge of the combination= ae Qo = 4mey X315 C. 
(4me,)?.8100 
al ~ D(4me,)( x 10-) 
= 4meo:(13°5 x 104) J. 
2 2 
U, (energy of the second) = Ge eo 
= 4ne9(50°63 x 104) J. 
ieee ok x 104 J. 
(4reo)? x 315? 
S (energy of the combination) = 2 Tyne XIS 
= Amey x (62 x 104) J. 
Loss in energy =4me,(64:13 — 62) x 104=4me, x 2'13 x 10* 


Now, U; (energy. of Ist) = 


AN : io ati Ans. 
310° X213 x 104= 2°36 x 10-7 joule. 
The loss appears as heat in the wire or appears as spark. 
Ex. 6. There are three concentric hollow spheres of radii a, b and 
c and they are charged with charges qı, q, and qs respectively. 
Calculate the potentials of the spheres. 


Sol. In solving this problem and 
similar other problems we have to make 
note of the fact potential inside a hollow 
conductor is the same at all points and is 
equal to that of its surface. This ‘is true 
for all hollow. conductors—spherical, 
cylindrical or of any arbitrary shape. 
Another point which we have to” note is. 
that for points on the surface. or outside 
of a spherical conductor we can assume 
the charges to be concentrated at its centre. 
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Potential of A = potential due to charge on A 4-potential. of 
interior of B and potential of interior of C 
_ 1 fn. e ts) 
T det gt ey Aas 
Potential of B =exterior potential due to 4 on B-+potential due 
to charge on B+ potential of interior of C 
_ 1 (H+ hs J- LA 2) Ans 
ma \b b c) Meo vey 
Potential of C=exterior potential due to A on C+exterior 
potential due to B on. C+potential due to charge on C 


alte art) (ee), Ans. 
Anea Nico ee Areo N e 


Ex. 7. A condenser is made of two thin plates with a glass slab of 
2mm thickness between them. The tin plate is 5 em» 10 em ee 
relative permittivity of glass is T5. Find the capacitance ef ie 


_ capacitor. 


Sol. We have Canes A. 
Here A=5emx 10 mesi cm?=50x 1071 mê. 
d=2 mm=2X 10 m. 


885x10- X T9X 50 x 10-4 _ 16-5 x 10- farad = oE 
= za ns. 


ç 72x10 
pe pico (=10"] 


N ee 
Ex. 8. Show that capacitance of a spherical capacitor is (6-9) 


when outer is charged and inner is earthed. 


- Sol. Let us give Q amount of 
electricity to outer sphere B. Part of 
this will lie on the outer surface and 
the rest on the inner surface because 
B is surrounded by earthed bodies 
both from inside and outside. 

If g,= charge on outer surface of B 
q2= charge on inner surface of B 
then Q=qi-+q, and induced charge- 
Re A= Oa 
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; LV (2a th consult Ex. 6 
Potential of B= SD Beas keer + (con ) 


Potential of A= th -2 ts Ye. (as A is earthed) 
Arey a b 


Bon h, or a(z A OF da=q Be 


Capacity of condenser = — = $- $ = 


=4neb @ +a) = 4regb (: + rS) = as = Proved. 


Ex. 9. A cylindrical capacitor consists of two coaxial conducting 
surfaces of radii 2 cm and 2'5 cm separated by two layers of insulating - 
material of dielectric coefficient 3 and 5. The radius of common surface 

. of the insulating layers is 2:3 cm. Calculate the capacitance 0 f the 
capacitor if its length is 15 cm. 


_. Sol. There are in fact two cylindrical capacitors : one of inner - 
and outer radii 2 cm and 2°3 cm and dielectric of permittivity 3 ‘and 
the other of inner and outer radii 2:3 em and 2°5 cm and dielectric of 
permittivity 5. : 


C 2er] _ 2nx 8-85 10-23 x15 


b . 
2:3 logio 23 log 


2m Xx 8°85 X 3x15 x 10-2 
2:3 (0:361 M O10) 


2n x 8°85 x 15%3 


be C1= 3350607 


X 10-?= 17925 x 10-” farad 


2n x 8:85 x15 «5 


< 10-12 
2-3(log2‘5—log 2 ay 


a 
an xX 8°85 «15x 5 
2:3(0°3979 — 0:3617) 


—2nx 8°85 x15 x5 


12. 500: x 
273x0362 x 10-¥ = 500-96 x 10712 farad. 
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The two are in series. The effective capacitance in series connection 


is given by i-i +e 
1 2 
: Cı Ca _ 179-25 x 50096 
~ lige GE 12 -13 
C1+C, 179-25450096 © 10-32 = 132 x 10-# farad. 
EXERCISES 
(A) 


1. A charge of 15 nC (nano-coulomb) raises the potential of a spherical 
conductor from 500 volt to 1500 volt. Find the radius of the conductor. 

(Ans. -135 m or 13°5 cm) 

2. A hollow spherical conductor of radius 10 cm is surrounded concentrically 

by another bigger shell of radius 12 cm and thickness 1 cm. The inner one is 

charged with 39 nC (nano coulomb). Calculate the potential of inner sphere when 

G) outer one is not there, (ii) when outer one is there, (iii) when outer one is 

there and earthed. [Ans. (i) 3510 V, Gi) 3285 y, (iii) 585 volts) 

3. A brass sphere of radius 10 cm is electrified to a potential of 24 KY (kilo 

Volt), It is then made to share charge with another uncharged brass sphere and the 
potential is found to fall to 6 KV: What is the radius of the second sphere ? 

© (Aus. ‘3 m) 

4. 64 droplets of water of equal size unite to form a large drop. If each drop- 

let had equal and similar charge, how will the potential, energy and capacitance 


change 2 
(Ans.: potential will increase 16 times, capacitance 4 times and energy 16 times) 
5. A charged sphere of radius 4 is put into conducting communication with 
an uncharged sphere of radius b. Show. that the ratio of the original distribution 

to that of the final distribution is (a+b) : 4 . 
ae unded by a thin spherical 


6. A sphere of radius 10 cm is concentrically sutro 
here and 
urface of inner sphere and on 


shell of radius of 11 cm. A charge of 100 uC is imparted to the outer SP 
FH isearthed. Calculate charge on the outter s 
the two surfaces of outer sphere, 

[Hint : Ex. 9.] (Ans. —90°9 C; 49:09 pC) 
$ 7. Two spherical rain drops of radii 1 mm and 2mm come in fien a i 
lightning conductor at potential 500 yolts and then coalesce. Find the ees cna 
of the resulting drop and the electrical energy they acquired from the fe : 
and gained or lost subsequently due to coalescence after getting deta rom 
the conductor. 

i (Ans. 721 V; 4:172 10-* J 1:8 10-8 J gain 

8. Water from a tap maintained at a potential of Vis allowed to fall by drops 
of radius ‘r’ through. a small hole into a hollow COn 
Standing on an insulating stand until it fills ; 
Potential of the hollow conductor. (ass k ’) 
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9. An insulated sphere of radius 10 cm has a positive charge of 20 nC and 
another of radius 5 cm has a positive charge of 15 nC. If the two are connected, 
find the direction in which charge will flow. Calculate their common potential 
and-loss in electrical energy. 

(Aus. Charge will flow from 5 cm sphere to 10 cm sphere; 2100 V; 
+1*5>< 10-* joule) 

10. Calculate the potential energy of a nano coulomb charge when placed at 
a distance of 10 cm from a micro coulomb charge. (Ans. 8.99 x 10- joule) 


1i A parallel plate capacitor is made up of 15 strips each of 6 cm X4 cm, 
Separated by a sheet of mica of dielectric coeffcient 6 and constant thickness of 


“15mm. Calculate its capacitance. (Ans. ‘0119 uF) 


12. A parallel. plate capacitor is made up of 11 metal plates each of area 
15 cm? separated by sheets of mica of relative permittivity 6 and thickness “2 mm, 
the alternate plates being joined together. Calculate the capacitance of. the 
Capacitor in microfarad. 

[Hint : There will be (n—1) simlar: parallel plate capacitor of capacitance 
cura fs can | (Ans. *00398 uF) 

‘13. A slab of copper of thickness z is thrust into a parallel plate capacitor of 
area A and plate separation d. What is the capacitance before and after the slab 
is introduced ? 


[Hint : There is no electric field inside a copper slab or we may say that 
metals are insulators of €,=00.] 


[Hint ; Ex. 3.] | Ans. (1) C= A ; (ii) C= s4] 


d 

14. A parallel plate capacitor has a plate area A and plate separation d. It is 
charged to a potential V and then the battery is disconnected. Now a dielectric 
slab of dielectric coefficient €, and of thickness d is inserted in between the plates. 


Calculate the energy stored before and after the insertion of the slab. Account 
for the change in energy, if ‘any. 


ROA d Er 
Energy is transferred to the agent introducing the slab.] 


15. Assuming that the energy of a charged parallel plate capacitor is }CV’. 


and this energy is stored in the mediunr between the plates, show that energy 
density in the medium is 


BP fe ae 
[Ans. Decrease in energy is LS Ay = \; 


Up=teE?. 

16. A spherical capacitor is made of two spherical conductors of radii 4 cm 
and 6 cm respectively. A spherical shell of permittivity 4 and thickness 1cm 
surrounds the inner sphere, the remainder of the space between the spheres being 
filled with an insulator of permittivity 6. Calculate the capacitance of the 
capacitor, (Ans. 61°54 puF) 
` 17. Calculate the capacitance per metre of a capacitor formed by two long C0- 
axial cylinders of radii 5 and 5-2'cm filled with dielectric of permittivity 1'2. 


Hint g= TEE (Ans. 17x10- farad) 
logeb/a 
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18. A submarine cable consists of a wire 3 mm in diameter and insulated with 
3mm of guttapercha (permittivity=4-26) is placed in water. Calculate the 
capacitance of 1 kilometre of the cable in micro-farad. 

(Hint : Consider submarine cable as a cylindrical capacitor of inner radius 
1'5 mm and outer radius of 4'5 mm.) (Ans. ‘215 uF) 

19. Find the capacitance of unit length of a cylindrical capacitor of which the 
conductors have radii 2'5 cm and 4'5 cm respectively and the dielectric consists 
of two layers whose cylinder of contact is 3-5 cm in radius; the inner layer having 
a dielectric coefficient 4 and the outer layer 6. (Ans. *442 10-* farad) 


20. A parallel plate capacitor is charged to certain potential difference. A slab 
of 3 mm thickness is inserted between: the plates, and it becomes necessary to 
increase the distance between them by 2-4 mm to maintain the same p.d. Find 
the dielectric coefficient of the slab. 

[Hint : See Ex. 3.] i (Ans. €=5) 

21. A parallel plate condenser of area 100 cm?, plate separation 5 mm is 
charged to a p.d. of 100 volt when air is used between plates. If now air is 
replaced by glass (€r=6), calculate (a) new capacity, (b) the new P.d. and (c) the 
loss of energy. Account for the loss of energy. 

[Ans. (a) 1-062 10-19 F; (b) 16:7 volts; (c) 7°37X 10-83] 


(B) 


22. Two equal metal spheres of radius 10 cm are joined together by a long 
fine wire. They are insulated and electrified by a battery of e. m. f. 10 volts. 
Connection with battery is not disturbed. If now one of the spheres contracts 
to one-fourth of its original surface, will the system consisting of the two 
spheres draw or give charge to the battery ? By how much ? What amount of 
charge was taken by the system in the beginning ? 

(Ans. it will give "056 nC to the battery; +222 nC) 

23. Calculate the self potential energy of charge q distributed over the surface 
of a hollow sphere of radius R. What about this self energy when R=0, when the 


charge is an ideal point charge ? ; i Ans. Be 
: : * BTE R 


ed uniformly throughout a non-conducting spherical 


24, A charge q isdistribut 
ius distance x from the centre 


Volume of radius R. (a) Show that the potential at @ 


when x< R is given by p- and the self potential energy of the 


ch erent n 3q? 

arge distributed is U=neR À 

| [Hint : V=V, +V, where y,=potential due to inner EN ed ai 
tial due to charge lying outside. Calculate V, assuming charge inside 0 hak f 
of radius x concentrated at its centre: To calculate Vs consider as if 
radius z and thickness dz and calculate potential at the point taking note of t 
fact stated in Ex. 7. Integrate from 7=* to z=R. For calculation of “aye 
Potential energy consider @ shell of radius 2 and thickness dz, potential o 


` 462 NUMERICAL EXAMPLES IN PHYSICS 


p 2 2, 
hesg. 2:22. where o=density of charge. To increase thickness of shell 


-rez 3E 
by dz, charge to be added=4nz*dzo. Work to be done==° 4nztdzo 
4no* oni ere E k 0 
TE E A dz. This is self potential energy of shell. Integrate from z=0 to 


z=R.) 

25. Calculate the capacitance of a spherical capacitor consisting of two 
concentric spherical conductors of radii a and b (b >a), when outer one is charged 
and inner is earthed. The space between the spheresis filled’ by insulating material 
of relative permittivity €r. T 

ii ba’ 

[Hint : See Ex. 9.] (Ans ang Ep ate) 

26. A parallel plate capacitoris filled half-half with two dielectrics of dielectric 
constants €, and e, respectively (i) one dielectric placed over the other, (ii) one 
completely filling one half and -the other filling the other half. Calculate their 
capacitances. The distance between the plates is d and area of each plate is A. 


Fig. 4-3 Big. 4-4 
[Hint : (i) In ‘fact there are two capacitors of equal area but of different 


dielectrics and thickness, they are in series. (ii) There are two capacitors of the 
same thickness but of different area and dielectrics, they are in parallel.] 


a / » \ 
| Ans. (i) Eua ( -Es J: di Cao { Ss) 
1 2 


27. A solid silver sphere of radius 1 cm is charged to a potential of 10 kV. 
Calculate the fraction of the atoms ionised assuming that one atom contributes 
only one free electron: Density of silver= 10:5 5<10° kgm? and its atomic weight 
is 107:9. (Avogadro’s, number=6 10% kg mol-? and charge of an electron 


=1:6% 10-1" C.) (Ans. 2°84 x 10°") 
28. Find the capacitance of a system consisting of a metal sphere of radius a 
placed at a large distance from an identical metallic sphere. (Ans. 2m€¢ A) 


[Hint ; When the distance is large, the charges on the spheres may be assumed 
to be distributed practically uniformly over the surfaces of the spheres. 
Consider their potential difference and apply C=Q/V,) 


29. Two long straight wires with equal cross-sectional radii a are located 
parallel to each other in air at a large distance b apart. Find the capacitance 


per unit length of the wires. 
ME, 
( Ans. log b/a ) 


_ [Hint : Take charges to be 
es ‘hence find p.d. between wires. b 


30. A parallel plate capacitor c conta 
sheet of fibre (thickness 0° 2 
“that of the fibre is 2 ` 
o the electric field of 6 
parelied to the capacit 
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POLARISATION, ELECTRIC DISPLACEMENT 
AND ELECTRIC FIELD 


1. Polarisation : A dielectric in a capacitor may be depicted as 
an assemblage of large number of electric dipoles oriented in random 
directions. When an electric field is applied these dipoles are aligned 
in the direction of the applied field. This phenomenon of alignment 
of electric dipoles is known as Polarisation (cf. Magnetisation) and 
is measured by dipole moment per unit volume of the dielectric. The 
intermediate positive and negative charges neutralise each other 


- except the charges on the extreme faces of the dielectric. These 


charges are called the polarised 
charges. It can be shown that 
polarisation is equal to the surface 
density of polarised charge. 


P=oc' coulomb per square- 
metre (Cm-*). This is a vector 
and is a characteristic of the 
medium. For an electric field in 4 
dielectric two vectors are defined. 


(i) The E-vector: This is the 
vector defined as the force experi 
Fig. 5-1 enced by unit positive charge. 


Gi) The D-vector: This in an auxiliary vector which is given 
by the electric vector multiplied by the scalar eọ in a vacuum Of 
coer in any dielectric. Since it is given by the electric vector 
multiplied by a scalar, it is also a vector having the same direction as 
the E-vector but of different magnitude and dimension. 


> 


> > =>, I ea 
D =) Ey=e E where Es is the E-vector in a vacuum and E i$ 
the same in a dielectric. 


By Gauss’s theorem, E= — =——. 
€ 


= D=cE=€9 &. 


eee Thus D is equal to surface density 
0 €r : 
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of free charge. Since D is independent of medium, D must also be 
equal to eZ where E, is the electric intensity in air or vacuum and 
e is the permittivity of vacuum. 
qiy=eE, or Egat e sek, OF Eye. 
E0 f 
2. Relation of D, P and E : The three vectors D, P and E of an 
electric field inside a dielectric are related by the relation, 
J > > — 
D= E+P. Vectorially, D =€ E + P. 
3. Relation of polarised charge with free charge : 
; D=o and P=. 
From the relation D=«9H-+P; we have, 


Eo €r 
or o= o(1 = an 3 
Er 
4. Relation of P and E : 
We have,- . DHegE-FP. jih? 
But D=coerE. egerE= eoE +P 
or P=eer—HE- 


5, Electric susceptibility (%e) - The electric susceptibility of a 


dielectric is defined as 


P E 
he= aE 


Xe, defined in this way, has no unit. 
P _ e(ér= IE 


6. Relation of Xe and er : %e= ans “E 
=(er— 1) 
or tet 
EXAMPLES 


5 jelectric has 
Ex. 1. A parallel plate capacitor honte, ao par lista is 
surface density of surface “Ol pC/m® on it. $ Gou Calculate the 
‘01 m2, and the distance between the plates is } CM 


N. E. pHy,-30 
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three vectors namely polarisation vector, E-vector and D-vectoy in 
glass. The dielectric constant ‘of glass is 10. 


; : r S A 
Sol. We have, 5 AR = 85X10 EXTD 
=1:13 x 10? Vm~!. Ans. 
We have, D&g. 
a D=:01 x 10-*=10-8 Cm?. Ans. 
Further we have, D=e, E+P. 
$ "HGK TO 
E a N = 1058 8 os C GNA o lk a 
P=D-—e,E=10-8—8°'85 x 10 S35 x10 x10 
=10-8—-1 x 10-8. 
or P='9x108 Cm. Ans. 


Ex. 2. The dielectric coefficient of a certain material is Zib 
Compute its permittivity and electric susceptibility. 


Sol. e= eger. 


€=8°85 x 107 x3-5=31 x 10-? Fm. Ans. 
We have the relation between xe and ep : 
Xe= ep —1=3'5=1 =2°5. Ans. 


Ex. 3. A uniform electric field of intensity 2x 10° Vm™ is set up 
within a large block of material of dielectric coefficient 3. A cavity is 
cut out in the form of a short cylinder whose ends are perpendicular 
to the field. Find the electric intensity within the cavity and surface 
density of induced charges on its end surfaces. 


Sol. Within the cavity there is vacuum. So we have to find Ep. 
Relation of E, and E is E= «çE. 


Ey=3x2x 10°=6 x 108 Vm-. 


We have, o'=o(1-1); E=_° 
Ep 


Eo er ` 


o= cverB(1 - +) = oE(e— 1). 
cp 


of =8:85 x 10-1? x 2 x 10°(3 —1) 
=35-4x10-+ Cm... Ans, 
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Ex. 4. A parallel plate capacitor having plate separation 5 mm is 
charged up by a battery. On introducing a mica sheet of 2 mm 
maintaining the connections of the plates with the terminals of 
battery, it is found that it draws ‘25% more charge from the battery. 
Calculate permittivity and susceptibility of mica. 


Sol, We have, 0- KONTA ah i 
s A ee, r eA 
Again Q'=V.C Mor oot: 
(C? V remains same as we have not disconnected the battery.) 


or VeoA d 
Q (d- AVA 


Q (d t+ tler) 
A a 
~ d—t+tler 3 


or g' 
Q 
| g 15 28. 
a O 100 4 
5 50 ee 
FA (5 42% 10-8 
Ep f 
gaid 
or Oro or EE or Ea 
4 “ 3+-2/er Er r 
OF er=2. R 
; e= eger =8:85 KORIK A LMA 10-2 Fm“. an 
Ne = (ep — Dee leet ag 
Ex. 5. A dielectric of dielectric coefficient 3 fills up men s f 
the space between the plates of a parallel pir cap z 
ber cent of the energy is stored in the dielectric ? 
2 
Sol. Energy of the capacitor =g 
2 Qd 
aa ee 
= PA i haga 
u 4 
(Fs tae 
ame area, charge 
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and having plate separation equal to the thickness of dielectric 


aeons ON EO Od 


ZC €9€rA | a €9.3A > BeA 

aog 3da | 

Cs here thickness of dielectric =} of plate separation), 

oa 

“.  % of energy stored = 35 X100 = 50%; Ans. 
fead 
EXERCISES 

(A) 


1. A parallel plate capacitor has a capacitance of 100 pf (pico farad), a plate 
area of 100 cm? and a mica dielectric of permittivity 5:4. At 50 V potential 
difference, calculate (a) Ein the mica, (b) the free charge on the plates and 
(c) the polarised charge. 


[Hint : Use O=VC to know the free charge. 


/ N n? 
Use the relation Q’ =o! ee ) to know the polarised charge.] 
A r 


[Ans. (a) 1:046x 10t Vm; (b) 5x10= C; (c) 41x10- C} 

2. Two parallel plates of area 100 cm? each are given equal and opposite 
charges of 89x10- C. Within the dielectric material filling the space between 
plates the electric field strength is 1-4 10° Vm-1, Find (a) the dielectric constant 
(€r) of the material, (b) the magnitude’ of polarised charge on each face of 
dielectric. [Ans. (a) 7-18; (b) 7:66X 10-7 C] 
` 3. A parallel plate capacitor has a surface area 100 cm? and surface density of 
charge 10 nC/m? on it. The distance between the plates is 1 cm. A glass slab 
(€r=10) of thickness 5 mm is kept midway between the plates. Calculate (a) the 
electric field in air, (b) the electric field in slab, (c) electric susceptibility of glass. 
(Ams. (a) 1:13 x10? Vm-1; (b) -113><10® Vm; (¢) 9} 


4. Show that metalcan be considered as dielectric of infinite dielectric 
constant. 


(aim $ E=—— - Inside a metal electric field is zero. 
A orr 


E 6£9,€~0- .. The only possibility is that €, = co.) 
ier 


5. In a parallel plate capacitor a mica sheet of dielect ric Coefficient 7 fills half 
the space between the plates. What per cent of the energy is stored in the air 


gap ? (Ans. 87:5%) 
_ 6. Two oppositely charged conducting plates, having numerically equal surface 
densiti 


es, are separated by a dielectric 5 mm thick of dielectric coefficient 3. The 
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resultant electric intensity in the dielectric is 10° Vm-. Compute (a) the electric 

displacement, (b) the polarisation in the dielectric, (c) components of the electric 

intensity in the dielectric due to free charge and (d) the component of electric 

intensity due to polarised charge. 

(Ans. (a) 2°66 X 10~* Cm-*; (b) 177x10 Cm; (c) 3x10 Vm; 

: (d) 2x 10* Vm] 

7. Two Parallel conducting plates 5 mm apart are given equal and opposite 

surface densities of charge of 20 uC/m?. The region between the plates is 

occupied by two sheets of dielectric, one 2 mm thick, of dielectric ‘coefficient 3, 

the other 3 mm thick and of dielectric coefficient 4. Calculate (a) the electric 

intensities in each dielectric, (b) the displacement in each dielectric, (c) the 
surface density of induced charge on each dielectric. 

(Ans. (a) 7°5X 105 Vm}; 5°6 x 10° YVm-1; (b) 20 pC/m*, 

(c) 13°3 pC/m*; 15°0 pC/m*) 


(B) 


8. The space between the Plates of a parallel plate capacitor is filled con- 
secutively with two dielectric layers 1 and 2 having thickness d, and d, and the 
relative permittivities €, and €, respectively. The area of each plate is equal to S. 


Find the density of charge o’ of the bound charges on the boundary plane if the 
voltage across the capacitor equal tric field is directed from 


Is to Vand the elec 
layer 1 to layer 2. 
inca! j ne hen. Peake 
Hint : o =0,_'+0_5 ae l-g PUET. R 
i r aS Vv 
[as ote 
d from one another as 


tential difference between 
and 3, between 1 and 


mall distance 
If Vis the po 
between the plates 2 


9. Four metal plates are located at a $ 
shown in Fig. 6-14 of the next chapter. 
Aand B, find the electric field strength 
2 and between 3 and 4. 


Also find the density of chart 
FOE Ee 
(ans Eya=Es i= aq 9-7’ lo: 


ANA 
lol = lal -3%7) 


é : i is 

[Hint : Work done round a closed path EO Te LEEA uae 
zero, that i i , nd a closed lo i 

Bt is; dleobra tA orp i: due to the six layers of charges oD the 


field at any point is vector sum of the fields 

Plates,] ‘cation in water 
10. An electric field of strength E=100 kVA” te eee Find N. 

equivalent to the correct orientation of at ene Teas 10- Cm. Relative 


The electri o 
i water m 
c moment of a f water m olecules no 


Permittivity of water=81 and concentration © 
234x108 m. 


ges on the plates 1, 2,3 and 4. 
Bic 42) 
| zri Lol =z T 
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~ (Hint :P=e,(e,—1)E and Polarisation=electric dipole moment per unit 
volume.] 
f Ny P 
Ans, N= ——*___ —3x 108 
| ae E | 
WA parallel air capacitor having plate separation by dis connected to a cell 
of emf E. A dielectric slab of relative permittivity €, and thickness d is 
introduced between the plates at a constant velocity v. Calculate the current 
Produced in the circuit, The plates are square in shape and of length a on each 


side. 
Ee,(€,—1)av. 
[ane Eea tan) 


OOO 


CHAPTER 6 
GROUPING OF CAPACITORS 


1. Capacitors in series? When a number of capacitors are 


joined in series the capacitance of 
the equivalent capacitor is given by — = H i 
aG O ee 
idege geiaio lee eat ee 2 


CC Gy Ge 1 
: i ig. 6-1. 
When there are two Capacitors, ps 


_ GCs G 
sm / 


are the p.d’s across Ch Ca) Cass ++ then 


Tf Vi, Vo, Vs Ho. 
Q (charge on each capacitor) =VaCv=Vale=V0= see 
; torea 
n:n hoanga G 


that is, p.d’s are divided in the inverse ratio of capacitances of the 


capacitors. 


2. Capacitors in parallel: f capacitors are 


When a number © 


joined in parallel, the capacitance of the 


equivalent capacitor is given by 
CHC, 4C F0s t.: . 


are the . charges on Cy Cars oe | 

V (common potential difference) = Qi|C1= a y= QalCo= ++: 
tO: ch, ae CHaGae siete 

ae £ roportion to the capacitances of the 


that is, charges are divided in P 
capacitors. 
5 having cross- 


3, Combination of capacitor sa 
equivalent capacitance of a number of capacitor 


tf Qi» Qo» Qs ay 


connection : To find 
joined in a complex 
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way (complexity is always due to cross-connection), we have to make 
use to Kirchhoff’s point rule and loop rule. 

(i) Point rule: The algebraic sum of induced charges on con- 
ductors meeting at a point is zero, 

(ii) Loop rule: The algebraic sum of p.d’s across the capacitors 
in a loop is equal to zero if there is no seat of emf’s in the loop; 
otherwise it is equal to algebraic sum of emf’s. 

4. Distribution of charges on capacitors in series and parallel 
groupings : In series connection charges on capacitors are the same as 
that-on the equivalent capacitor. The charges on the capacitors in 
parallel connection are in the ratio of their capacitances. ; 


EXAMPLES 
_Ex. 1. Three capacitors of capacitance 4, 5 and8 uF are connected 


in such a way that the first two are in parallel and the third is in series 
with them. Find the capacity of the combination. 


Sol. Let C be the capacitance of the first two. Then 


C=4+5= 9 pF. 
Now 9 uF is in series with 8 uF. - 
hai Wigs sal? 


Me VA gy dy al See 
Cc 9's 72 or C= 75 = A uF. 


Ex. 2. Four indentical capacitors are connected in series. The first 
and the last conductors of the combination are connected to earth. 
A charge Q is given to the second plate of the first capacitor. Prove 


that the potential of this conductor is si where C is the capacitance 


of each capacitor, and that of second is Q|2C. 


Sol. Since the first and the last conductors are connected to the 
earth, the second, third and fourth capacitors are in series.. Let C’ 
be their equivalent capacitance. 


; O VO Won NN V, 
fp 
$ : = + - + = 3 HA 8 

tin n + -= + = + = 

; EE i y +) = + = + = 

: See + = a eee 

FTA Rage Seg ogee 

A s 
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1 bie wee 
Then o-atete-e or Caz: 
The first is in parallel with C”. 
Cequ (equivalent capacitance of the system) =C 1G - Z, 
The potential difference across the equivalent capacitor 
=V; —0=V,. 
4C) 3 
Q =VX n or AA Proved. 


Applying Q=VC formula to the first capacitor and the second 
capacitor we have, ' 
qı=(V1—0)xC and qa= Vr- V2) XC. 


But Q =41 +42 
0=V.C-+(Vy—-V)C=2VsC = Val 
3 
or VC =2V,C-Q=2. es C-Q- Proved. 


Ex. 3. Three capacitors of capacitances 2 uF, 3 uE and 5 wF are 
connected in parallel and the combination is charged up by 4 battery 
of 110 volts. Calculate the total charge taken from the battery and the 
charges on the capacitors.’ 

Sol. O1=V3C,=110x2x 10-8 =220 x 10°C, 
Q,=V2C.=110x 3x 10-8=330x 10°C, 
0,=V,C3=110x 5 10-8 =550 x 10° G, 

Total charge taken = (220 330 +550) x 10-* 
= 1100 x 10-8 C. 

Ex. 4. Five capacitors are connected as shown in the figure 

(Fig. 6-4). Calculate the equivalent capacitance between a and b. 


Sol. We have shown distribution i BEL yr 
of charge in compliance with point 
tule (Fig. 6-5). 

Applying loop rule to loop 

acda (see fig. 6-5), a EHF b 


Ans. 


dr 49H 42 =0 
3 i Fy 


a 241 —4(qs—41) — 342=9 z 1 


or 60; — ik =0 A 
qı— 342—405 @ © ppd 
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+% -Y +9, -%, From loop cdbc, 
+ - +- ; 
pie EA oak BaL ~ dads 44s <p 
+ = + C . 4 3 3 
ET E i or 691-+2q2—993=0 .. (ii). 
= ~Q3-9;) Writing the equations 
Spon ; b together and applying cross- 
s ate tte multiplication principle we 
Hor Y have, 
at 7% H 691 —3q2 — 4q; =0, 
+ -= + - 6qı+ 2q — 9q; =0. 
y 3 ; z x x T q2 
Lue E (tpg) 27—(—8)  (=24)-(—54) 
$ = q3 
Fig. 6-5 Da (1) 
G9 ti CS ae : 
Fi TINA (say) 
Then, qı=1k; qa=6k; q=6k. 


Now, equivalent capacitance between any points a and b is 
given by, : 


ieee Q (charge eect to a) 
> a 


Now, Van Va Vo Va Vet Ve Vom ete 225; +34, 
: 2 


QO=4+q. 

Cp Aa eG ii Ble Yo 3 
A E - DIRS OE T4k-+-18k 32". 
Cav ='406 nF. 


$ Ex. 5. Three capacitors of capacitance 2, 4 and 6 uF are connected 
in series. Can a voltage of 11,000 V. be applied to this battery of 
capacitors ?. The puncture voltage of each capacitor is 4000 V. 
Sol. The voltages are divided in the inverse ratio of the capacitances 
and hence V; : K, :V=4: $:3=6:3:2, 
Vı=6k, V,=3k and V,=2k where:k is the common ratio. 
Now, V (total voltage) = V,+- Vi+V, 2 
11,000=64+3k+2k or: k=1000 
Vı=6000 V, V,=3000 V and V3=2000 V. 
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Since the voltage across the first capacitor is greater than the 
puncture voltage (4000 V), 11,000 V cannot be applied to the 
combination. 

Ex.6. A capacitor of 3 uF is charged to a potential difference of 
300 V, and a capacitor of 2 pF to 200 V.“ Both charged capacitors 
are connected in parallel with (i) plates of like charges together and 
(ii) with plates of unlike charges together. What amount of charge 
will flow through the connecting wires ? 


Sol. (i) Q1=ViCi and Qs =V Ca. 
After connection total charge = Qi Qa» 
rence=V (say) and total capacitance =C, +C 
Ve 0,40, Vct VCs 
C+C: Cit Ca 


common potential diffe- 


OPER TOT... 
Charge on the irtera ae 


Charge that flows through the wire 
Va- l 
CHC: 


_ 60-20) x6 x10 
J 5x 107° 


VC Are 
zy à zosi aC 
Kos C4, xC 


Ans. 


=120 pC. i ; 
= Q; and total capaci- 


(ii) Here total charge after connection= Q; 
tance=C,+C,. : 


B EY VC- Vil 
V (common potential) = One rs sg on ome ; 


iG Cyc ; 
Charge on the first= GFC, iio. 
Charge that flows through the wire 
VC Vali as OEE 


EAA GO C+C.: 


(300-4200) x60 
= 5x 10° Aare avi p 


} Ans. 
=600 pC. 
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EXERCISES 
(A) - 
1. Three capacitors of capacitance 1, 2 and 3 uF are connected in series, 
Find the resultant capacitance, _ (Ans. *55 pF) 


2. Three capacitors of capacitance 4, 3 and 2 pF are connected in such a way 
that-first and second are in series and the third in parallel with them. Find the 
equivalent capacitance. (Ans. 3°71 uF) 

3. Three identical capacitors are first connected in series and then the 

first and the last conductors of the 
combination are connected to earth, 
} — A charge Q is communicated to the 
second conductor of the first capa- 
Tka; 


S citor. Prove that the potential of 


ans Ste i 
} << where Cis.the 
Fig.6-6 this conductor is 3c whe: 


capacitance of each capacitor. 
4. Four capacitors C,, C,, C, and C, are connected as shown in the figure 
(Fig. 6-7). Calculate the equivalent capacitance when, (i) switch S is open, (ii) 
Switch S is closed. Take capacitances of the capacitors 1, 2, 3 and 4 uF 


espectively. [Ans. (i) 2°38 pF; (ii) 2°4 pF] 
i i — : 
o T 
i c =¢ 
a S b 
a] k 


Fig. 6-7 Fig. 6-8 
5. Show that in problem 3 the potential of the second conductor of the second 


Capacitor is 2 i 


30, 
6. In the network of identical capacitors shown in the fig. 6-8, find the 
‘equivalent capacitance between a and b. 
Ans. Tr 


7. Three capacitors of capacitances 1,2 and3 microfarad are connected aD 
Such a way that the first and the second are in parallel and the third is in series 
‘with the combination of the other two. Calculate the equivalent capacitance. If 
a potential difference of 200 volt is applied across the combination, what is the 
charge on each Capacitor ? 


(Ans. 1°5 pF; 100 uC on 1 uF; 200 uC on 2 pF and 300 uC on 3 uF) 
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8. In the network of capacitors equal capacitance shown in the figure 6.9 find 
the equivalent capacitance between a and b. Take C=2 pF. (Ans, *75 uF) 


TS 
ht Del 


Fig. 6-9 Fig. 6-10 


®) 


9, Two batteries of e.m.fs 12 volt and 13 volt’ are joined in steph 
two capacitors; the positive of 12 volt battery 1s joined to eee is joined 
battery through a capacitor of 3 uF and the negative of 12 E fen eal 
to the positive of the 13 volt battery through 7 pF capacitor. 

p.d.’s across the capacitors. 
by the 

[Hint : Apply loop rule to the circuit and equate the plage eee 
capacitors from the batteries to zero.} - ) ( Hp heaven ya 

10. Calculate the steady p.d. across the capacitors of k, “7 volt; ‘3 volt) 
the two batteries are in parallel. 5 a 

s ; he capacitance 

11. In the network of identical capacitors (Fig: 6-10), find the cap 

between (i) a and b, (ii) c and d.s 


; c “eate u AAAY 
12. Find the capa- a— Å 
citance of the infinite : 
circuit formed by repe- cm Em oF) CA 


tition of the same link 
Consisting of identical 
. Capacitors as shown in 
Fig, 6-11, B 


(Ans. 1/2(4/5—1) C] 
13. In the circuit. shown in Fig. 6-12 - 7 
the emf of each battery is equal to 60 V, Eager C,=2pF 
and the capacitances of the capacitors 2 
are C,=2 uF and C,=3 nF. Find the Lat 
charges which will flow after the switch is ; 


Closed through the wires 1, 2 and 3 in T 


the directions indicated by the arrows- A Fig. 6-12 
(Ans. Q=—24 uc, q.=—36 uc, qg=+60 H 
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+ 14. Four identical plates are located in air at equal distances apart by d. The 
-area of each plate is equal to S. Find the capacitance of the system between A 
-and B if the plates are connected as shown in Fig. 6-13 and Fig. 6-14. 


1 A B 1 AB 
EE E ey ae ae | 
3 3 
4 4 
Fig. 6-13 Fig. 6-14 


[Hint : There are three capacitors. Connect them as indicated in the schematic 
‘diagram of capacitors.] i [ans (a) ze, (b) z] 


15. A circuit has a section AB shown in Fig. 6-15. The emf of the cell is 10 V 

and the capacitors have capacitances C,=1 uF and C,=2 uF. The potential 

difference Vag=5 V. Find the charges on the capacitor. . (Ans. each 10 pC) 
[Hint : Imagine a battery of 5 volt between A and B.] 


oe o Sm b 


iee 7 oT] 


A= TWF 40v C2=2F 
Fig. 6-15 Fig. 6-16 


- 16. Find the equivalent capacitance of the circuit of capacitors between A and 
B of Fig. 6-16. (Ans. 2'C) 
17. There are two rows of capacitors in series, the capacitance of each 
capacitor being C. The rows are branched by a number of capacitors of the same 
capacitance. Calculate the equivalent -capacitance of the infinite ladder like 
frame of capacitances. 
[Ans. 1/2(,/3—1) C, where C is the capacitance of each capacitor. y 
18. Two capacitors having dielectric of common material (e€r=2) are 
connected in series and the combination is put across a steady p.d. of 220 V. If 
the voltages across the capacitors are 120 V and 100 V, what will be their p.d’s if 
the dielectric of smaller capacitor is replaced by a dielectric of relative 
permittivity 5 ? (Ans. 71V; 149V) 


19. Two capacitors of capacitances C, and C, are connected in parallel anda 
charge Q is delivered to the combination. The two are then disconnected and 
reconnected in series. What are new potential difference and charges on the 


Capacitors ? rater 
(Ans. y= L faq VEC 2 ) 
VGC, GT Ga 
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20, Calculate the equivalent capacitance between the points indicated in the 
figures (Fig. 6-17, 6-18 and 6-19). 


2C 
C 
a b 
C € C 
a 
2C 
Fig. 6-17 
a 
P AGEE E 
Fig. 6-19 
A b of the circuit 
21. Find the potential difference between the points 4 and (Ans. 20 V) 


(Fig, 6-20) when the battery has 100 V emf. 
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22. What amount of heat will be generated in the circuit shown in the figure 
(Fig. 6-21) after the switch is shifted from the position 1 to position 2 ? 


Fig. 6-21 


(Ans. 4Ce3 
-23. In the fig. 6-7 C,=9 uF, C,=6 pF, C,=4yF and C,=6 pF. The 
Potential of ‘a’ is 10 V and of ‘b’ is-35 V, 3 , 
Calculate the ‘potentials of the terminals of the key S, (i) When it is open, 
(ii) When it is closed. Also calculate the charge that passes through S when 
it is closed. .. (Ans. (i) 20 V, 25 V, (ii) 22 V, 22 V; 30 pC] 


OOO 


CURRENT ELECTRICITY 


CHAPTER 1 


TERMS : KIRCHHOFF'S LAWS : GROUPING 
OF RESISTORS AND CELLS : DRIFT 
VELOCITY : SHUNT 


1. Electric current : Charge carriers in motion is called electric 
current. If Ag coulomb of electricity pass through a transverse 
section of a conductor in Af sec then 


17=L4 ampere (A). » Ct) 
At 


2. Electromotive Force and Potential Difference : When an electric 
feld is set up in a conductor the mobile charge carriers (electrons) 
in it flow from higher potential to lower potential end (electrons 
flow from lower potential to higher potential end as they carry 
negative charge) and loose their electrical energy. So unless we have 
a device connected with the conductor which can supply the lost 
energy to the charge carriers there cannot be a continuous flow of 


charge through it. Any device which can do this job is called a seat 


i i taic cell, a 
of electromotive force (abbreviated as e.m.f.). A vol 4 
gnetic field are some 


thermocouple and a coil rotating inga ma i 

;.f. is that 
common examples of seat of e.m.f. Thus seat of PAA is 
device in which energy in non-electrical form is conv 


: : on from 
electrical form and in which charge carriers are passed 


2 m.f. of a 
lower potential to higher potential. The amount of e.m 


$ : m is 

seat is measured by rate at which energy 12 Li ee If 

converted into electrical form during the passage of unl Saint ol 

AW =energy converted into electrical form bee ae is given by 
electricity passes through it, then e.m.f, (e) of the 

(2) 

ez aw joule pe 

q z 

4 arge receive 

Thus charge carriers carrying Aq ats hia of e.m.f. 
AW =e ^q joule of energy while passing throug 


N. E. p.-3] 


r coulomb or yolt. 
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from lower (negative) potential plate to higher (positive) potential 
plate. 


The potential difference between any two points is defined as 
the energy given up by charge positive carriers carrying unit charge and 
is, therefore, equal to the work done by the charge carriers carsying 
unit charge from one point to the other. 


If AW is the energy given up by charge carriers carrying Ag 
charge, then the potential difference between the ends of a current- 
carrying conductor is 


eas Joule per coulomb or volt. a ©) 


3. Resistance : An atomic view: When an electric field is set up 
in a conductor the charge carriers (electrons) are set in motion. But 
they do not have a smooth Sailing through the conductor as there 
are fixed ‘ionic cores’ in the conductor, The electrons constantly 
collide with these ionic cores often suffering changes in speed and 
direction, The constant on slaught of electrons makes ionic cores 
vibrate more vigorously and so the conductor appear hot. When the 
whole of electrical energy received by the charge carriers from the 
seat of e.m.f. is converted into heat, the conductor is said to be 
purely resistive. If R is the resistance of the conductor, the rate at 
which heat is produced is iR; This is known as Joule’s law of 
generation of heat. If-H is the rate of generation of heat in a con- 
ductor by a current i, then the resistance R of the conductor is given 
by 

H=?R. i @ 


Unit, watt/ampere? or ohm (9). 


4. Circuit equation : Let us consider a seat of e. m. f. (say a cell) 
connected to a resistor R. It is a fact that every seat of e.m.f. also 
has some resistance. This is called internal resistance (r) of the seat. 
Let us consider flow of current through the circuit for At second. 
Then the amount of charge (Aq) that will flow in At is given by, 

;_ Aq ha} 
i Ag’ or Ag=ift. 

( During the time Az the energy received by charge carriers which 
is also the work done by the seat on the carriers in forcing them 
from lower to higher potential = e Aq=eiAt. 


| 
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Heat produced in the resistance=??(R+r) At. 
From the principle of conservation of energy ##(R+r)At=e.iAt 


e 


W a pa) 6° 


5. Potential Difference between any two points : Suppose a and b 
are any two points in a circuit. There are resistances as well as cells 
(seats of e. m. f.’s) between a and b. Let us suppose that current is 
flowing from a to b and the strength of the current is i. Consider 
flow of current for Aż sec. Then Ag (charge that flows down in 
At sec) =i At. 

Energy given up by charge carriers in passing from a to b 
=V,»iAt=energy received by charge carriers from the remainder of 
the circuit (not shown in the figure). 


As there are seats of e. m. f.’s also in between a and b, charge 
carriers also receive or 3 A 5s Š 
give up energy as they | AA 4 wiih 
pas through them. ag A b 
They receive energy (or ——> í 
We may say work is Fig. 1-1 


done on them) when > z 
they pass from negative to positive and give up energy (or we may 
through seat from positive 


say work is done by them) when they pass 
to negative. k 
At+e i At 


Net energy received = Vap iAt+& i^At-ei 
a 5 ere xe stands for 


-Va iAt+(e) IAF wh 
algebraic sum of e. m. f.’s in the direction of current. 
Heat produced =i? (r HR+ tatra Ra) At 


=F RAt. 
Principle of conservation of energy requires 
Vas iAt+ Geidt= (ZiR) At “o 
s Van =2iR—2E- 


This is the most general expression for p 
Ween two points in a circuit. Spe 
sion are Ohm's law, Kirchhoff’s loop mul 
ĉquation. 
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If we have only one résistance and no cell in between then 
Ze=0, LiR=iR. 


Vao=iR or i= es —well known Ohm’s Law. 


Ifa and b are two coincident points we get a loop. Then Van =0, 
Hence for a loop, 


2iR—Ze=0 or LiR=Le —This is Kirchhoff’s loop rule. 


In a simple circuit consisting of a cell and resistance, 
Vab=0; Xe=e and Sir = ir+iR. 


Ke e=i(r4+R) 
e . . . 
or i=——___ __circuit equation. 
i KER q 


6. Ohm’s Law: At a Constant temperature current flowing 
through a conductor is Proportional to the potenital difference 
between its ends, 


Veci, or V=iR where R is a constant of the conductor called 
resistance of conductor, 


Its unit is ohm symbolised as Q (capital omega), 


7. Kirchhoff’s law : (i) The algebraic sum of currents meeting at 4 
point is zero or 3;=0, This is called point rule, 


(ii) The algebraic sum of product of current and resistance in a 
‘loop’ is equal to algebraic sum of e.m.f’s in that ‘loop’, the two 
sums being considered in the Same sense. That is, sir—xe. This 
is called ‘loop rule’. 


8. Terminal voltage (or P, D.) of a cell : Suppose a and b are two 
points at the terminals of a cell (a seat of e.m.f.). Then Vas is called 
terminal voltage or P. D. of the Seat. Taking the passage from a to 
b via external Tesistance, we have Ze=0, TiIR=iR, 


Vav=iR, or i= Tao 
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Taking the passage from a to b via 


seat of e.m.f. we have Ze=—e (minus al b 
because we are taking passage from +ve x 
to —ve inside the cell); ZiR= — ir. : 
Vap= —ir—(—e)=e—ir 
or e=V atir. 
The difference (e—Vab) which is not R 
indicated by a voltmeter is called ‘Lost Fig. 1-2 


volt’. 


9. Law of resistance of a conductor: The resistance of a con- 
ductor is proportional to its length and inversely proportional to its 
area of cross-section. 


s l 
Le. =p— Fi 
G R Ps () 


where p is a constant called resistivity of the material of wire 
(previously it was called specific resistance). Unit of resistivity is 
ohm metre (Qm). 

10. Grouping of resistances : (i) When conductors are joined end to 
end and the same current passes through all of them, they are said to 
be in series. The equivalent resistance is given by, 


R=rntrettst:++: im 3 


The total voltage across the combination is divided among the 
resistors in the ratio of their resistances. 


(ii) When conductors are joined in such a way that one end of 
all is joined to one common point and the remaining end of all to 
another common point and there is division of current among the 
conductors, they are said to be in parallel. The equivalent resistance 


is given by Ie ee La „and iri = isra = iss = V.. O) 
R ri ee S 
That is, here voltage across each resistor is the same Ba ta 
to the voltage across the ccmbination but the total current is divi 
among the resistors in the inverse ratio of their resistances. 


When there are two conductors in parallel, the effective resistance 


is ti (ie produci of resistances `), 
meri €.» — um of resistances) 
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11. Conductance (G) : The reciprocal of resistance is called 
conductance. Unit, 2-1 or siemens (S). 


12. Current density (J) : The value of current through unit area 
of transverse section of a conductor is call 


ed current density of 
wire, 


J= Am- .. (10) 


It is to be noted here that current density is a vector but not the 
current, 


13. Electrical conductivity (o): The reciprocal of resistivity is 
called electrical conductivity. 


onion m~, oro= = siemens per metre (Sm-), .. (1) 


14. The resistance of metals generally changes with temperature 
according to. the formula 


Rr=Ri(1+at), 
where R= Resistance of wire at 1°C 


Ro=Resistance of Same wire at 0°C 


and a=a constant of the material of wire and is called tem- 


perature coefficient of resistance, : 
More accurately, Re= Ry(1 bat + Br?) . @) 


where 8 is another constant called the second temperature coeffi- 
cient. This is generally very small, 


15. Drift velocity : When an electric field is set up in a conductor 

the charge carriers in it are Set in motion. But they do not have vy 
` smooth sailing through the conductor as there are fixed ‘ionic cores 
in the conductor which put obstruction on their passage. The elec- 
trons (charge carriers) collide constantly with these ionic cores often 
Suffering changes in magnitude and direction, Thus the motion of 
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charge carriers through a conductor is not a smooth one rather it is 
alternately accelerated and stopped. Such motion is called drifting 
motion, Thus electrons drift through a conductor when a p.d. is 
set up between the ends of the conductor. The velocity with which 
electrons drift through a conductor is called its drift velocity (u). 


JM _ where J=current. density, M=atomic 
nNpq 

— Avogadro's number and p -density of conductor, q =charge 
er and n=number of charge carriers available 


Drift velocity (u) = 


weight, N 
carried by each cari 
from each atom. 


16. Grouping of cells : When n cells 
are joined in the sequence of positive 
terminal of one with negative of the 
next, they are said to be in series. The 
emf. of the battery formed is ne where 
exe. m. f. of each cell and its internal 
resistance mr, where r=resistance of Fig. 1-3 
each cell. 


The current delivered by the battery to a resisto. 
circuit equation, 


r R is given by 


SENE 
i=—"" 
ar+R 

When m cells are joined with the positive poles of all together 
at a point and negative poles together at 
some other point, they are in parallel. 
The e.m.f, of the battery is same as that 
of each cell but its internal resistance 
1]mth of each cell. The current deli- 
vered by the battery to a resistor Ris 


e me 
i=- 


Rie mR+r 
m 


_ When cells are arranged in rows and 
in cach row several cells are in series, 
they are said to be in mixed grouping: 


Suppose there are m rows and in each 
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row there are n cells in series. 
7z- E. m. f. of battery =ne, internal 
= = resistance of battery =nr/m. Current 


delivered by the battery to a 
= -A resistor R is 


ne mne 
52 SS E E ES aa 
= H Rp mR--nr’ 
(ee m 


mn=N, total number of cells, 


Fig. 1-5 Eyer Ne. 1 
mR--nr 


Condition. for maximum current is mR=nr, or R -2 i.e. external 
resistance = internal resistance of battery. 


17. Shunt: A conductor of low resistance connected in parallet 
to a sensitive instrument is called shunt. Shunt works on the prin- 
ciple of ‘current division’ in parallel connection of conductors. 
When conductors are joined in parallel, current is divided among 
them in inverse ratio of their resistances i.e. 


ir a lof’ = igrs De ars 
Suppose a galvanometer of resistance G is shunted by S. C is 


the main current. C will be 
divided among G and S such 
G Cg that 


C=C,+C, and C,G=C,S- 


c $ 
a xs 
Hence, C, Gis 
Fig. 1-6 aS 
ag GES 


xG. 


Sol. We have by ‘circuit equation’ 


,i= 


» 
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ee or 1°5+'3r=2, or r=1°67Q. Ans. 
5+r 
We have applying Ohm’s law to 5 Q, 

V =iR='3x5=1'5V. Ans. 


Ex. 2. Two batteries of e.m.f.’s 12 V and 6 V and internal resis- 
tance ‘2. Q and ‘1 Q respectively are connected in opposition through a 
resistor 3°7 Q. Calculate the terminal voltage of the first battery follow- 
ing either path. 


Sol, We have from ‘circuit equation’ 


ja 2e = PHO 6-154, 

ER 374241 4 

The p.d. between any two points 4 
and b is given by 

Vay =dir —Ze. 

In applying this formula consider p.d. 
between points in the direction of the 
current, Here current is flowing from 
b to a through the cell. Hence we 
consider Voa. 

ir =1:5x'2="3 and Ze=12 

Via = "3-12 =—117. 
Voa= — Vav, ; Fig. 1-7 
Ven — (41a ONE 

We may also consider Voa directly following the path of current 
from a to b through the external resistance. 

Now. Bir=3-7X 154 1X15=595+ 157 =i cella $ 

ze=—6 (minus because from tye to negative inside 
the cell, emf is — Ye) 
Vaæ=57 -(—6)=117 volts. 


37A 


Ans. 


Illustration of Kirchhoff’s rules : 


General note: Whenever there is ‘cross- 
can be solved by Kirchhoff’s rules. 7 j heor 

The first step in applying Kirchhoff’s RFA to assign va 
currents in compliance with ‘point ce 
applying intuition about the direct 
completely unmindful about the presence 


connection’, the problem 
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rule’ to any number of loops and set up as many equations as 
required. Solve them and obtain unknown values of currents, 


Calculation of ‘equivalent resistance’ of a net work of conductors : 
First carefully see whether there is any ‘cross-connection’. If there 
is none, equivalent resistance can be calculated by applying ‘law of 
series and parallel’ connection of resistors. If there is cross-connec- 
tion, one has to proceed with Kirchhoff’s rules. Assign currents in 
the different parts in compliance with ‘point rule’. Along identical 
paths from ‘entrance’? to ‘exit’ assume same current. Then use the 
formula V= RI where V=p. d. between ‘entrance’ and ‘exit’ points; 


=Current entering and leaving the. network and R= required equi- 
valent resistance, 


Ex. 3. Two cells of e.m.f. 2 V and 1 V and internal resistances 19 
and 29 respectively have their positive terminals joined by a wire of 
10:9 and their negative terminals by a wire of 4Q resistance. A resis- 
tance of 10 © joins the mid point of these two wires. Calculate the 
b.d. between the ends of this wire. 


Sol. Distribution of current in 
accordance with point rule is shown 
in the figure 1-8. 

Applying loop rule (Ze =Zir) to 
loop (1) and (2) we have, 

5x+10p+-2%-+16 =2 
or 4x+5y=1 PERO) 
and 5(*—y)-+-2(x—y)-+-2(x—-y) 
i —10y=- 1 
or 9x-19y=-1 .. (ii) 
Fig. 1-8 Solving (i) and (ii) for x and y 
we have x =14/121 and y= 13/121. 
Now, P.D. across 10 a= 10y— 10 x 13/121 = 130/121 =1-08 V. 
Ans. 


Ex. 4. In a Wheatstone bridge the four resistances in the arms 
@ the bridge are AB=20, EC=4 O 4D—1 O and DC=3 2. The 
terminals of a cell of e.m, f.2V and 10 internal resistance are con- 
nected to A and C, Tf a galvanometer of resistance 10 Q is connected 
between B and D, Jind the current through the 'galvanometer, 


S Sol. The distribution of currents is shown in the figure (Fig. 1-9) 
in compliance with ‘point rule’, 
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Applying loop tule (Sir= Ze), to 
loop (1), 2) and (3) we have, 
from (1), 

2x+10z—y=0 
(sum is zero because thére is no seat 
ofe.m.f. in this loop) 

or 2x-y+10z=0 «. (i): 

From (2), 

102+-3(y-+2) —4(% —2) =0 

or  4x—3y—17z=0" = (ii). 


ary 


From (3), 
ly+3(7+2)4+ r= 
or x+5yp+3z=2 =e (iii). SN 


Writing (i) and (ii) together and 
applying ‘cross-multiplication’ prin- 


ciple, 

2x — y+ 10z=0 

4¢—3y— 17z=0 
| y A 
| 17—(— 30) 40—(—34) (-9-(-4) 
| 
| or x yL ok (ay) 
| 4I 14 -2 
x=41k; y=14k; z= —2k 

Putting x, y and z in (iii), 
ie 
A Tk +5 x T4k+ 3(— 28) = OF baat: 
a) ee 
411 


; i sumed 
The minus sign shows that current 18, opposite to the as 
direction. 


` Current through galvano, 


meter iS .90973 A from D to B. Ans. 
istance between the points a 


Ex. 5. Calculate the equivalent res 


and b of the following network of conductors. 
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20. 2A 
4. 
a b 
4 
3.2. 
Fig. 1-10 (a) 


Sol. This is a network of six conductors having no ‘cross-con- 


nection’ anywhere. Hence we can solve them by ‘successive reduc- 
tion’ to a single resistor, 


4 First reduction : Resistors 2 Q and 
20 2 being in series, their equivalent 
Qa b resistance is given by, 
152 r=294+29=42Q. 
Fig. 1-10 (b) Resistors 3 Q and 3 Q being in 
parallel, their equivalent resistance 
is of {psec SA idee) 
Is given b; aS ee 
g Y, ta + lg 
or r=15Q9, 


Resistors 4 Q and 4 Q being in parallel their equivalent resistance 


is given by, oagthe2, or r=2Q. 


Second reduction: 4 Q and 1'5 © are in parallel, their equivalent 
Tesistance is given by, 


K ek eae arg ee “it 
fede Pe ae ey 
EDON 
=j777 102 
109o. 2 
a b 
Fig. 1-10 (c) 


Third and final: 1:09 Q and 2 Q being in series, their equivalent 
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resistance is given by, r=1:09+2=3°09 Q, 
3:09.01. 


Fig. 1-10 (d) 
3°09 2 Ans. 


Ex. 6. Calculate the equivalent resistance between aand b of the 
following network of conductors. 


Fig. 1-11 


Sol. This is a network of five conductors having a ‘cross-connec- 


tion’ (cross-connection 3 Q resistor). 
Distribution of currents in 
compliance with point rule is 
shown in the figure. 
Applying loop rule to (1) 
and (2), 
\ 5x+3z—2y=0 
or Sx =27 F 3z = eee (i) 
and 3z++-4(y-+z)-2@—2)=0 
or 92+4y—2x=0 
or 2x—4y—9z=0 .. (ii). 
Writing (i) and (ii) together and cross-multiplying, 
5x—2y+3z=0 


w IEE ae TE A 
B-C 6774) EWEA 


| oF x=30k; y=51k and z= —16k. 
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Now equivalent resistance between a and b is given by 
Vas =R(x +y). 

Now Fav=Vact+Vo= 5x+2(x =z) =7x —2z. 
7x-—2z=R(@x-+y) 


_7x-22_1x30k—2(—16k) _ 242 _ 3, 
SRO e Sy SORT SIE 3l ; a 


Ex. 7. A regular hexagon is formed by six wires each of resistance 
‘r’ ohm and the corners are joined to the centre by wires of the same 
resistance. If the current enters at one corner and leayes at the 
opposite corner, find the equivalent resistance of the conductor. 


B 2z c Sol. Distribution of cur- 
À rents in compliance with point 
tule is shown in the figure. 
Applying loop rule to (1), 
2xry rx-+r(x —z)—ry=0 
rz ore y—z=0 .. O 
Applying loop rule to (2), 
r(x—z)+r(x—z)—rz=0 
p À or 2x—3z=0 
ESEZ BS 


Fig. 1-13 


x 
or = 
3 


x=3k and z=2k. 
Putting x and z in (i), 
2.3k—y—2k=0, or y=4k. 
By definition of equivalent resistance between 4 and D, 
Van =RQ2x +). 
Vian =VaotVon=ry+ry =2ry 
as 2ry = R(2x +y); 


ary _ 24k _4 Ans. 
ax+y 23k.4E0"~ 5" 


Ex. 8. A wire of nicrome of length 100 cm and radius *36 mm 


has 1'5 Q resistance. Calculate resistivity of nicrome and also its 
conductivity. 


But 


Sol. We have for a conductor, R=p l 


=: 
A - 


S 


Ex. 9. The resistance of a wire 7 
respectively. Calculate the mea 
of the material of the wire. $ 


_ Weight=27; Avogadro's numbe: 
aluminium =2710 kg m.) 


q ind p= density. 


Here, 
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[vin : ft | (Ans. 200 C; 1-25 101) 


2. Two batteries of e. m. f. e 
in opposition to each other and 2- 
the two e. m. f's, 


and e, produce current of 1:5 A when they are 
5 A when they are in series. Find the ratio of 
(Ans. e, : e&=4: 1) 

3. In a battery of 10 cells supposed to b 
ted. The cells are sealed in a box Whe: 
to the battery, the current produced 
resistor of 14:5 Q is (075 A. How man 
e. m. f. of the battery and what isi 
is 1:5 V and internal resistance -5 Q? 


e in series some are wrongly connec- 
n a similar cell is connected in opposition 
by the combination through an enternal 
y cells are wrongly connected ? What is the 
ts internal resistance if e. m. f. of each cell 


(Ans. 4 cells are wrongly connected; 3 V;5Q) 
cells each of e. m. f. 1:5 V and internal resis- 
rent to a resistor of 4 Q? What is the maxi- 
(Ans. In two rows each containing 12 cells; 2°6 A) 

5. An English letter 4 is constructed 
per metre. The sides of the latter are eac 
middle is 1 m while the apex angle is 600. 
ween the two ends of the legs. 


4. How you would arrange 24 
tance ‘5 © to deliver maximum cur 
mum current ? 


of a uniform wire of resistance 1 ohm 

h 2 m long and the cross-piece in the 

Find the resistance of the letter bet- 

(Ans. 22 ohm) 

6. Calculate resistivity of the material of a wire whose resistance is 5 Q, 

length 1 m and radius ‘6 mm. (Ans. 5°656x 10-? Qm) 

7. The resistance of 100 m of copper wire of diameter -056X10-? m is 
6°62 Q. Calculate (i) resistivity, (ii) electrical conductivity of copper. 

[Ans. (i) 1:63x 10-8 Om, (ii) 613x10 Sm) 

8. Calculate the resistance of a steel wire of length 10 m and diameter 


“6mm at 0°C and 100°C. (Electrical resistivity of steel at 0°C is 15 x 10-8 Qm 
and mean temperature Coefficient of resistance of steel is 50 10-4 K-}) 


(Ans. 5:3 Q and 7:96 Q) 


gths are in the ratio 3:8:18 and radii in the 
n parallel. Find the ratio of the currents through 

(Ans. 2:3: 3) 
meter of resistance 50 Q is connected in series 
Q and the combination is connected to a cell of steady 
internal resistance, What is the shunt required to 
alvanometer half of its previous value ? (Ans. 25 Q) 
a battery and a galvanometer of resistance g ohm 
the galvanometer is shunted by resistance of S ohm, 
nce in the box required to maintain the current from 


g? 
(Ans. gts 
© be applied to a galvanometer of 99 Q so that only 10% 


Passes through galvanometer. Find the shunt required. 
t will be required to send 1% of the total current through 


9. Three wires whose len 
ratio 1 : 2:3 are connected i 
them. 


10. A moving coil galvano; 
with a fixed resistance 50 
e m. f. and negligible 
Produce current through g; 

Il. A resistance box, 
are connected in series. If 
find the change in resista 
the battery unchanged. 


12. A shunt is t 
of the total current 
What additional shun 


aN 
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the galvanometer ? (Ans. 11 Q; 1°19) 

13. Two identical cells of e. m. f. 1°5 volt and internal resistence 1 Q each 
are joined in series and then the combination is connected in parallel with a 
third cell of same e.m.f. 1:5 V and internal resistance 1 Q, Calculate the 
terminal voltage of the cells. (Ans. 1 V, 1 V and 2 V) 


14. A battery ofe. m. f. 6 V and internal resistance 5 Q is joined in parallel 
with another cell of e. m. f. 10 V and internal resistence 1 Q and the combination 
is used to send current through a resistor of 12 2. Calculate the current through 
each battery. 


(Ans. it A through 6 V battery in opposition to its e.m.f. and Lf A through 
10 V battery in the direction of its e. m. f.) 


15. A battery ofe. m. f. 6 volt and internal resistence 1 ohm is connected in 
parallel to another battery of e.m.f. 8 volt and internal resistance 2 ohm. The 
combination is then used to send current through an external resistance of 10 
ohm. Find the current through the external resistance. 

(Ans. § A) 


16. Two batteries of e.m.fs 24 volt and 6 volt and internal resistances 2 
ohm and 1 ohm respectively are joined in parallel; negative to negative by a 
resistor of 2 ohm and positive to positive by another resistor of 4 ohm. Cal- 
culate the terminal voltages of the two batteries. (Ans. 20 V; 8 V) 


17. The sides of a square ABCD are formed of wires each of resistance r and 
Bis joined to D by a wire of resistance 2r. Find the equivalent resistance of 
the skeleton (i) between B and D, (ii) between A and C and, (iii) between 4 
and B. bs [Ans. (i) #7 (ii) r, (ii) $7) 

18. In a Wheatstone bridge the four resistance of the arms of the bridge 
are AB=2 Q, BC=4 Q, AD=1 Q and DC=3 9. The terminals of a cell of 


e.m.f. 2 V and negligible internal resistance are connected by wires of negligible 


i f resistance 100 Q is connected bet- 
resistance to A and C. If a galvanometer 0 iy ae a 


ween B and D, find the current in the galvanometer. ; 
19. ABCD is a square of side ‘a’ metre and is made up of wires of resistance 


x ohm per metre. Similar wire is connected across the daone ea ait 
Show that the effective resistance of the frame work between t 


Cis (2—4/2) ax ohm. ý i 22 

20. In a Wheatstone bridge a battery of 2 Tok n T EA NAN 
isused. Find the current through the galvanometer In ice Q. Ans. ‘011 A) 
of the bridge when P=1 0, 0-2 0, R 20S = | 


@®) 
z ic aci J of heat 
21. When one mole of zine combines with ae C dropper is liberated 
is liberated and 235 kJ of heat is absorbed pen Pe electronic charge 
from blue vitriol. Avogadro’s number=6 02X data to find the emf of 
=16X 10-1 C and zine or copper is divalent. Use these 
a Daniell cell. 


N. E. PHY.-32 
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[Hint : Energy liberated in the form of heat is converted into electrical 
energy in a Daniell cell.] (Ans. 1:09 V) 


22. Two resistors with temperature coefficients a, and a, have resistances 
Ry, and Ry, at 09°C. Find the temperature coefficient of the compound resistor 


ae % S 3 ARo FUR, 
consisting of these two resistors in series. Ans, SPatoka 
Ry 1+Ros 


23. Show that if Æ is the electric intensity inside a conductor of electrical 


conductivity (o), Ohm’s law may be conveniently put in the form, J=o E where 
=current density in the conductor. 


24. Show that ‘drift velocity’ of electrons in a conductor is given by 


uaz where J=current density, 7-number of mobile electrons per unit volume 
and e=charge carried by each electron, Calculate the same in a copper wire of 
radius ‘6 mm when a current of 1 A flows through it assumin . that one mobile 
electron is available from one atom of copper. Atomic weight of copper =63'55; 
Density of copper=8930 kg m-*, Avogadro’s number =6'02 x 1026 kg mol-? and 
e=1:'6X10- C. (An. 6:5 10-5 ms) 


25. A spherical silver electrode 8 cm in‘radius is concentric with a spherical 
metal shell of radius 10cm. The inter space contains an insulating material of 
resistivity 10° Qm, Compute the Tesistance of the insulator. 


[Hint : resistance of a shell of radius z= 


dz 
Pnz? ` Integrate from z=8 to 


e=10.] (Ans. 1:99x 10° Q) 


26. Two batteries of e.m.f. 12 V and 6 V and internal resistance 2 Q and 1Q 
are connected in parallel and the combination is connected to resistor 2 Q 
through a key. Find the potential difference between positive and negative termi- 
nals of batteries (a) when key is open, (b) when key is closed. Find the e. m. f. 
and internal resistance of a single cell which would be equivalent to the combina- 


tion, (Ans. (a) 8 V, (b) 6 V, (c) 8 V; 672) 

yee 27. Find the potential difference bet- 

ween the points a and b of the circuit 

(Fig. 1-15). If a and b are joined by 4 

20. 10. wire what is the current through 12-volt 
cell ? 

| Van (Ans. *22 volt, -464 ampere) 

ab Nig 28. Twelve equal wires each of resis- 

tance rohm are connected in the form A 

Ea aey acube. Find the equivalent resistance 0 

8v the cube (i) between diagonally opposite 

corners, (ii) between corners of the same 

i. edge, (iii) between opposite corners or a 

Fig, 1-15 face. (Ans. (i) Sr, ii) 34r, (ili) $Y 
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29. Find the equivalent resistanci 
e between the i ; 
the circuits 1, 2, 3 and 4. terminal points a and b of 


y 
a r 
n r 
: r 
T 
o ; 
3r b 
r T 
circuit 1 
2y 
Ae 
7 
2r 
circuit 3 circuit 4 
Ans. (1) 157 (2) {n 9 5% a)r 
gle ABC in which 


30. A net work of conductors is in the form of a trian 
gular points A, Band C are joined to 


ances 19,22 and3 Q respectively. 


AB=1 Q, BC=2 Q and CA=3 Q and the ani 
any point O inside the triangle by resist: 


Find the equivalent resistance between A and B. 
e and exit points.] 
(Ans. 348 ='65 Q) 


of the following 


[Hint : Assume unit current at the entranc 


31. Find the equivalent resistance of the infinite series 


circuit (Fig. 1-16) between the points a and b. 


Fig. 1-16 


he first unit, the remaining 
the equivalent resistance. | 
(Ans. (V 3+1)r ohm) 


we separate out t 


[Hint : From an infinite series if 
d hence will have 


circuit will still be an infinite series an! 
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32. Calculate the equivalent resis 
between the points a and b. 


a 


tance of the circuit shown in Fig. 1-17 


Fig. 1-17 

(Ans. (4/3—1) r ohm) 

33. A current of 8A is to be sent through a resistor of 5 Q. Calculate the 
least number of cells required for the Purpose when each cell has emf 2 V and 
internal resistance -5 Q, (Ans. 160) 
34. N cells, each of emf e 

in series. Two points including 
side are connected to a resistor R. 


and internal resistance r, are arranged in a ring 

n cells on one side and N-n cells on the other 
Calculate the current through R. 

(Ans. zero) 

35. Calculate the equivalent resistance between the terminals of the cell 

(Fig. 1-18). The resistance of each quadrant is 1 ohm and the intersecting 

diameters haye resistance 2 ohm each. (Ans, 4,5. ohm) 


D 


Fig. 1-18 


a os Hat the potential difference between the points a, b of the given circuit 
Fig. 1-19), A 


[Hint : Væ=Zir—5 e) 


(Ans. 22 V) 


Fig. 1-19 
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37. A part of a circuit in the steady state with the currents flowing in the 
branches, the values of resistances are shown in the figure (Fig. 1-20). Calcu- 
late the energy stored in the capacitor C=4 pF. (ILT 1986) 

(Ans, 8x 10~* J) 


Fig. 1-20 


38, Calculate the current through the 5 V cell of the figure (Fig. 1-21). 


CHAPTER 2 
MAGNETIC EFFECT OF CURRENT 


1. Biot-Savart- 


Laplace’s Law : The magnetic field at a point in 
a vacuum or air d 


ue to a current element is given by, 

TAlsine . Wye y 

AB-t. SAUE ING = ° in the direction of a screw perpendicular 
t r 


> > r 
to Aland r and rotatin 


=> > 
g from A/ to + through the smaller 
angle 0 (0< 0 <n), 


= 


In vector notation, AB =o 1. AI! tesla (T). 


The corresponding H- 


vector (called intensity vector) of the field 
is given by, 


AH =z T na T Am (ampere per metre). 


2. Magnetic field due to a Circular Conductor: The magnetic field 
at a point on the axis of a cir, 


cular loop is : 


Ba uNa tesla (T) 
2(@ 4x P 
B where N=number of turns, 
a=radius of loop, 
x=distance of point from 
Fig. 2-1 the centre of the loop. 


The corresponding H-vector 


(intensity vector) of the field is : 


Nia 
Yo fae eR he Oa 
2(a?+-x2)8/2 


The magnitude of the field at the centre is: 


Am-!, 


B= VON! testa (T) and H= NL Am- 
2a 2a 


3. Magnetic Field due to a long Straight conductor : The mag- 
netic field due to a long straight conductor is given by, 
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— Bol 
B= ond tesla (T) 


where J=current through the conductor, 
d= perpendicular distance of the point. 
In general it is given by, 


p- Hol (sino, +-sino,) tesla (T) 
And 


where 0, and 0, are the angles subtended 
by the two portions of the conductor on 
the two sides of the plane perpendicular 
to the conductor and passing through the 
point so that (1+ ð) is the total angle Fig. 2-2 

subtended by the conductor at the given point. The direction of 


the field is given by the direction of motion of the top of the handle 
of a screw being rotated to advance in the direction of the current 


through the conductor. The corresponding H-vector is given by 


iii Wy 
Hog Am 


or Ae a (sinp, + sine) Am. 


EXAMPLES 


Ex. 1. A small current element 5X 10-5 Am is placed at the oes 
A along AB of an equilateral triangle ABC. Calculate the n y 
of the magnetic field at B and C. The triangle is 20 cm on each side. 
Ho (5 x 10-5)sin0® _0 

7 +22 


Sol. AB at B=7— 
4n 


a -A8 @C 
AH=0 (. aH- 


po (5x 10sin60" 
AB at C= PaE 


= 10-72 x 1075x 3 Ho — 107) A 
04 An ‘aio 
=1:08 x 10-2 T. Fig. 
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The field is along the normal to the plane of the triangle and away 
from it (i.e. dot-direction). 


(H-vector of the earth’s field at the place =29 Am?) 


Sol. When the coil is placed in the magnetic meridian, the mag- 
Netic field due to the coil is at right angles to the magnetic meridian. 
Let the needle make an angle @ with the Magnetic meridian. Then 
torque on the needle due to the earth’s field=mBysino and torque 
due to the field of coil 
=mBsin(90°—9), where By 
= B-vector of earth’s field, 

B=the same vector of 
the field due to the coil, 

m=magnetic moment of 
the needle, 

For equilibrium, 

™mBysind = mBsin(90° — 0) 

or B=B,tano 

Cs B= p,H and 


Bo =H) 
or H=H,tano 
But H= NI, 
2a 

NI 

Da =H,tano 

NI 40x +1 

t Te Se A š 
bas ee Dally IS x ORIG A 138 
6=54°4’, Ans. 


Ex. 3. 4 circular coil carrying S A current, initially set in the 


magnetic meridian, is turned in Proper direction till the needle be- 
comes parallel to the plane of coil. If in this position it is 30° away 
from the magnetic meridian, calculate horizontal component of earth's 
magnetic field. (Radius of coil =5 cm and number of turns =50.) 
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Sol. Obviously the needle 
makes angle o with By (earth’s 
field) and 90° with B (field 
due to the coil). 

Torque due to By 
=mB,sino. 


Torque due to B 
=mBsin90°. 


For equilibrium of the Fig. 2-5 
needle, mB,sind = mB 


or B=B,sino. 
But, B=] 
2a 
NI _ B,sine or I _24Bosing 
2a uN 


{Note : This is the theory of sine galvanometer.) 


NT 4nx 10-7 x 50X°5 E yp — 42x 10-7) 


a Bo=aasind 2X 5% 107 xsin30° 

or p = 48 X107x25 _6-8x104T Ans 
0 “1x 5 

and H = Be 28x 500 ak 


Ho 41X 1077 
F idian. Find 
Ex. 4. A circular loop is placed in the magnetic Me a distance 
what deflection will it produce in a compass e H so Am-, Radius of 
10 cm from its centre. H-vector of earth cx “nt through the loop 
the loop =10 cm and number of turns = ur 
=S A. 
; is given b; 
Sol. H-vector of the field at a distance x is sive y 


__ Nid -Han 
~ 2a" 
les to each other) 


C: Hand H, are at right ang 


H 
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NTa 10x °5 x 10? x 10-4 
= = ='295 
or tano- atx 2x30 1059x108 ~ 2? 
or 0= 16°24’. Ans, 


Ex. 5. Calculate the magnetic field at the centre of a square conduc- 
tor carrying 1 A current. The square is 10 cm on each side. 


Sol. The perpendicular distance of the centre from each 
side=-05 m. 


The perpendicular line bisects each side into two equal halves, 
each subtending 45° at the centre of the square. 


The magnetic field due to one side = wa (sin@, ++ sine.) 


POCO Nes L a 
=p C +sin45°) 


=28 x 107" T. 


The total field at the centre of the square is four times the field 
due to one side. 


<. B=4x28x10-7=11-2 pT (1 uT=10- tesla). Ans. 


Ex. 6. Calculate the magnetic field at the centre of a semi-circular 
conductor carrying I ampere current. The radius of the semi-circle is 
equal to a. 


Sol. Consider an element 
d|=EF of the conductor. Let 
do be the angle subtended by 
it at the centre. Then d/=ad0. 
It can be seen easily that the 


> > 
angle between dl and r is 90° 


mT 
and the mod of r is a. 


dB! Idl sin90° 
år a 
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py Jado _ pol 
4n Tatas 4ra. do. 


LA _ nol 

4 o=- tesla. 

ma J 4a Ans, 
EXERCISES 


1A M 
TA- C 
secant piene of Se teta song ete 48 Calile 
Befield y m, the element lyin; alo: 
and H-field of the element at the Pe i any ae 
(Aas. (i) 5-44 10-7! T; Gi) 433x1074 Am) 


ATE 

centre nA TN EG of strengths °2 Am and ‘4 Am form a cross at the 
i ius 10cm. Calculate the m i i 

c A agnetic field 

ircle 30° away (anticlockwise) from the first erae T Mates 


(Ans. 2-464 x 10 T; along the! normal to the circle and 
towards its plane) 


3. W 
Bai: Ae current must be passed through a vertical coil of 50 turns of average 
m in order to {neutralise the horizontal component of earth's field 
(Ans. “048 A) 


(15 Am-%) at its centre ? 


4. i 
Kais S eee loop of 100 turns and radius 10 cmis placed with its Plane at an 
with the magnetic meridian. Calculate the angle made with the 


Haenen DNS 
gnetic meridian by @ small magnet ntre of the loop 


en A 3 ic needle placed at the ce! 
N current is passed through it. Horizontal component of earth’s field is 
6X 10- tesla. 


awe 28028" for one direction of current and 148042’ for 
a) A coil of 50 turns and radius 10 cm is i 
the magnetic meridian. It is connected to 4¢ 


ie The current through the coil is gradually increase 
s centre just turns through 180°. Find the strength and direction of current 
f earth’s field =30 Am”) 


through the coil. (Horizontal intensity 0 
(Ans. “12 A) 
s Calculate the current in ampere through a circular 100P of 40 turns and 
mean radius 5 cm placed with its plane in the magnetic meridian that will produce 
a deflection of 60° of a compass needle placed at its centre. The value of hort- 
zontal induction=3'5X10~ tesla.) (Ans. “12 A) 
. Itis placed in the 


4. A circular coil has 63 turns, each of radius 22 cm i 
A passed through the coil, the deflection 


TRUN meridian, When & current of ‘1 i 

9 compass needle placed at its centre is 45°. Calculate the intensity of earth’s 

horizontal field. (Ans. H=143 Am-") 
8. A circular coil having 10 turns of ™ 


magnetic meridian. A current of +5 A is passe 


ean radius 10 cm is 
d through the coil. 
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deflection of the compass needle placed at the centre of the coil? If the coil 
is rotated at What angle the needle will set parallel to the plane of the coil ? 
(H of earth’s field=30 Am-) (Ans. 39°48’; 56°24’) 


9. 
and consisting of 50 closely wound turns of fine insulated wire. Calculate the 
intensity of field (H-vector) (i) at the centre of the coil, (ii) at a point on its 
axis distant 7:5 cm from the centre, (Ans, 33-33 Am-}; 11-79 Am-?) 


10. Calculate the magnetic field at the centre ofa regular hexagon, 10 cm 
on each side when the Current through the wire forming the hexagon is 5 A. 

(Ans. 34:6 uT) 

11. Two long straight parallel conductors each carrying 2 A current in the 


Same direction are 10 cm apart. Calculate the magnetic field at a distance 
(a) 5.cm, (b) 15 cm from one of the conductors towards the other, 


[Ans. (a) zero; (b) 1:07 10-5 T] 

12. Calculate the Magnetic field at the orthocentre of an equilateral 
triangle, 20 cm on each side. The current through the wire forming the triangle 
TOA (Ans. 9x10% T) 


13. Calculate the magnetic field at the corner of a right angled triangle ABC, 
A being 90°, when two long conductors each carrying 2 A passes perpendicular 
into the plane of the triangle through the corners B and C. The sides of the 
triangle are AB=3 cm, AC=4 cm. (Ans. 16:7 uT) 


14. The circular coil of so called tangent galvanometer is set at right angles 
to the magnetic meridian and a current of 1:2 A is passed through it. The coil 


situation is attained. Calculate horizontal intensity of earth’s magnetic 
field. The coil has only two turns of mean radius 8 cm. 


(Ans. H=14-3 Am-}) 

15. A long thin wire of a frame of reference is placed along the y-axis 

(just out side). There exists a uniform magnetic field of 10-6 T along x-axis. 

‘Calculate the magnetic field at the Points (0, 0, 2m), (0, 2m, 0) and (2m, 0, 0) 
Revise the calculations for a thick wire. 

(Ans. 2 10-° T; oc; 4/2 10- T, 2X10— T, 10-° T, \/2x10-* T) 

16. A circular loop of radius 10 cm carries a current of 15 A. At its centre 


is placed a small loop of radius 1 cm having 50 turns and a current of 1 A. (a) 
What is B-vector of the magnetic field produced by the large loop at its centre ? 


(Ans. (a) 9-4 10-* T; (b) 74-96 Am-3; (c) 1-5 10-* Nm) 


17. A thin nonconducting ring of radius @ and having a total charge +4 
distributed uniformly over it rotates with angular speed œ about an axis per- 
Pendicular to its Plane and passing through its centre, Find the magnetic induc- 
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tion field at its centre and at a distance x. 


mgo, __Hogoat _ 
(as. 4ra ’ 4n(a*+-x*)* ) 
18. A thin disc of dielectric material, having a total charge +q distributed 
uniformly over its surface rotates n times per second about an axis Perpendicular 
to the surface of the disc and passing through its centre, Find the magnetic 
induction at the centre of the disc. The radius of the disc is equal to r. 


(= 25) 


19. Two circular loops, each of radius ‘a’, and carrying equal currents in 
the same direction, are placed with their planes parallel at a separation b. Find 
the magnetic induction at the centre of either turn. 

[Hint : Add the field due to one to the field due to the other.) 

usla? 


Hoi 
(ans “ta t+ Topo 


pe as shown in the fig. 2-7 without 
ude and direction of B at the centre 
i flows as indicated. 


20. A long wire is bent into the sha 
cross-contact at P. Determine the magnit 
of the circular portion of radius R when the current 


e 
Āe 


Fig. 2-8 


[Ans. whita) out of page] 


Fig. 2-7 


Nant: oH A 
21. A straight conductor is split into two identical semte  10D s0- 
ais n fig, 2-8. What is the magnetic field at the centte (Ans. zero) 
me 
4 4 two Jon 
22. Calculate the force of attraction Pet ste aeiae aie ete 
straight conductors 10 cm apart and each carrying 5 
at (i) 0°, (ii) 90° and (iii) 60° inclination to each other. 


pol T0080 | (Ans. 5x1 
ond 


o= N; 0; 25x10- N) 
Hint: AF= 


poo 


CHAPTER 3 


GALVANOMETERS : AMMETERS AND 
VOLTMETERS 


1. When a current loop (rectangular or circular) is placed in a 
uniform magnetic field of strength B tesla with the normal to loop 
at an angle 6 with B, it experiences torque given by 


t=JAB sino Nm. 
Vectorially, Ei =I Ax B. 


—> 2. Moving coil galvanometer : 

a B A moving coil galvanometer works 
Normali on the above fact that when a loop 

is placed in a magnetic field it ex- 

Fig. 3-1 periences a torque. Measuring this 


torque by the usual torsional method current is calculated. Ifc be 
the torsional couple per unit twist then cọ=NABI sina, where 
N=number of turns and a=angle between B and normal to the coil; 
Mer 8 

S TONA s 

When the poles of the magnet are cylindrical in shape field 
between them is radial. The advantage of the radial field is that 
plane of loop is always parallel to the field, that is, a=90°. Hence 


when poles are cylindrical, [= NAE - 6, or J=K@ ampere where 


Wa is a constant of the galvanometer and is called its current 


reduction factor. 


3. The tangent galvanometer : A tangent galvanometer is a 
combination of a vertical circular coil and a compass box placed 
exactly at its centre. The coil is placed in the magnetic meridian and 
the current to be measured is passed. The current through it is given 
by, 

T= K tano ampere (A) 


where K is a constant of the galvanometer called the reduction factor 


of the galvanometer. K = Ra or 2Boa 


HoN 
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4. Conversion into ammeter : When a moving coil galvanometer 
is shunted with a suitable low resistance, itis converted into an 
ammeter. Suppose i=current 
sensitivity of the galvanometer 
ie. it is the current which pro- 
duces full scale deflection in 
the galvanometer. 

G=resistance of the galva- 
nometer coil. We want to 
convert it into an ammeter 
reading up to J ampere. For i 
this we have to select a shunt i 
of such a value that when the i Fig. 3-2 
main current is J, the current 
through the galvanometer coil isi and the © 


urrent through the shunt 


is (I-i). 
Since G and S are in parallel and the same p-d. exists across both, 
iG=(I-i) $; 
i 
_(_L JG. 
s-(r 


This formula gives the shunt required to convert a mene 
of given sensitivity (i) into an ammeter of assigned range (1): 


+ When a high resistance iS connec- 
into & tyolt- 


meter’, Suppose i= current sensitivity of the iets cane 
want to co it i voltmeter reading UP 
convert it into 4 value that hen pd. of 


we have to select a high Ponari of suc 
f the galvano 
V volt is applied across the terminals, current through the 83 
meter coil is only į ampere. 3 
V or es a 
+R 7 t 


1= 


$ vert a galvano- 
This formula gives the resistance sequlte! i i Dus (V). The 
meter of sensitivity (i) into # voltmeter © » which is 


: ‘sensitivity 
quality of a voltmeter is indicate term 
defined as ‘ohm per volt’. 


Sensitivity of a voltmeter = 
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EXAMPLES 
Tangent galvanometer : 


Ex. 1. A current of 10 A Produces a deflection of 45° ina tangent 
galvanometer. What is the value of the current which will Produce a 
deflection of 30° in the same galvanometer ? 

Sol. We have I= Ktano. © 10=Kran45° or K= 10. 

Thus for the given galvanometer we have, 7=10tano. 

When 6=30° we have, I= l0tan30°= 5:77 A. Ans. 


Ex. 2. Show that in a tangent galvanometer the Percentage error 
in the measurement of current is a minimum when the deflection is 45°, 


Sol. We have for a tangent galvanometer, / = Ktano. 
Differentiating, AT= Ksec’e A 9. 


<. The percentage error = at =Ksec A0 ,. 199 _ 200 A0 


Ktane sin29 ` 
Obviously the Percentage error js minimum when sin29 = 1 
or 6=45°, Proved. 


Moving coil galvanometers : 


Ex. 3. A suspended vertical circular coil of 100 turns and area 
100 cm? carries a current of 30 mA and it is in equilibrium in a 
uniform magnetic field of intensity -4 tesla when the normal to the 
Plane of coil makes an angle 30° with the field. Calculate the torque 
on the coil due to current, 

Sol. We have, t=NIAB sina 

t=50 X (30x 10-*)(100 x 10-4) x +4 x sin30° = 003 Nm. Ans. 

Ex. 4. 4 Weston galvanometer whose resistance is 25.2 shows full 
scale deflection for 500 HA. Explain how you would convert it into 
(i) ammeter reading “p to 10 A and (ii) voltmeter reading up to 10 V. 
What will be the ‘Sensitivity’ of the voltmeter so formed ? 


Sol. To convert it into an ammeter we have to shunt the coil with 
a shunt given by 


S “= XG (see article. 4 and deduce it here). 


Here i= 500 nA = 500 x 10-8 A 
7=10 A and G=25 9, 
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500 1078 5x 25% 10-4 
= 79 500x10-8 a 


(neglecting 560 x 10-® in comparison to 10) 


S 


or S='00125 A 
To convert it into a voltmeter we have to add a high resistance 
in series given by 
R= ($ -G ) (see article 3 and deduce it). 
Here, V =10 volt; i=500x 10% A. 


10 
-= R=2x10—25 
R 500x 10-6 23, O 


or — R=20,000 2 (neglecting 25 in comparison to 2x101). 


Sensitivity of the voltmeter = 200 =200 Qjvolt. Ans, 


Ex. 5. A cheap voltmeter having resistance 500 Q is used to measure 
the e.m.f. of a cell of internal resistance 49. What is the % error in 


the reading of the voltmeter ? 
Sol. Let e=e.m.f. of the cell. 
5 ka AE i e e 
Current in the circuit is given by i= RI, 50044 


: e 
P.D. across terminals of the voltmeter= Ri=500X z944 


500e, 
504 
The voltmeter will read (For instead of e. 
(. 
~ 504 Shatin UT 
°% error in the reading= n so Sl ie 
504 


s internal 
Ex. 6. In a circuit there isa cell of emf 15 ate Qis 

resistance 2 Q and a resistor 89. A" amma fe p the circuit. 

connected in the usual way to measure the colts a 

What is the percentage error in the reading of the 


N. E. PHY.-33 


Ds ti 
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Sol. The actual current through the circuit is, 


is 
iS Ey 
“248 


When the ammeter is connected in series, the current through the 
circuit. is, 
' 1°5 is5 


The ammeter will read a instead of *15. 


1:5 
ees Uzi 
% error in the reading = hee ss 100=5. Ans. 
10°5 

Ex. 7. A voltmeter of 20 volt range and 50000 Q is connected by 
mistake in series with a resistor 30000 Q. If the e.m.f. of the battery 
to which they are connected is 6 volt; what will be the reading of the 
voltmeter ? 


Sol. A voltmeter will always read the p.d. across it. 


oats 6 3 
The current through the circuit= 5x13 xI F x10 A. 


The p. d. across the voltmeter = 2 x10-*x5x104= A 


=3°75 volt. 
Hence the voltmeter will read 3°75 volt. Ans. 
Ex. 8. In a suspended type moving coil galvanometer the coil has 
60 turns each of area 2x 10-4 m? and the strength of the magnetic 
field is 01 tesla. A current of 20 mA produced a deflection of 10 cm on 


a scale 1 metre from the instrument. Calculate the torque per unit 
twist. 


Sol. In a moving coil galvanometer the field is radial and there- 


fore, t= NJAB. This is the deflecting torque. Controlling torque =c0 
where c is the controlling torque per unit twist. For equilibrium of 
the coil, 
NIAB=co. 
6 is measured by ‘lamp and scale’ arrangement which works on 
the principle that when a mirror rotates through 6, reflected ray 
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rotates through 20. In th 
F e ga i í 
B sion Api galvanometer a mirror is attached to the 


Sls 


tan %4 
D’ or 20= 


br o= 2a 0X0 

| 3D a =5x 10- radian. 

HA 60 x (20 x 10-8) «(2x 10-4) x 01 =x 5x 10% 

oi _24x 10-7 

5102 =4:8 x10 Nm. Ans. 
EXERCISES 
(A) 

Tangent galvanometer : 


1A ci ; 
Baits SER coil of radius 20 cm and 20 turns of wir 
esor T in the magnetic meridian. A sm 
i What ce . deflected through 45° when 
36 e value of the current ? (Hori intensi 
x : uber per Saare AA ¢ orizontal intensity of 
. Calculat: 
ns and us at pes aone a tangent galvanometer whose coil has 
er i 
$ Paso where AA cm when the needle is deflected i ogna x 
. y C i ' 
odie oth is am through two tangent galvanomet 
i ot ihe a the same in both the galvanometers. Compare the radii of the 
en. galvanometers, if the number of turns i of the first 
EA 3 110 and 25 in the second. (Ans. 22: 5) 
r wt 
at a tangent galvanometer is most sensitive when the defection is 


earth’s field = 
(Ans. +573 A) 


near zero. | 7 
. | Hint : Sensiti 40 
iveness = 77 
circuit is 80 Q including the resistance of 
The galvanometer gives deflection of 60°. 
ew deflection ? ‘Ans. 19°48 


10 ohm sho 
al resistance 


5. 
a bein total resistance of a simple 
Itis th galvanometer which is 4 Q. 

6 K shunted with 1:9, What is the A 
when oe. galvanometer of resistance 
galvanometer i in a circuit of which the 40° including that of the 
to 300 ? is 100 ohm, What shunt must be used to reduce the deflection 

(Ans. 4:5 ohm) 


ws a deflection of 60° 


Galva 

nometers : Ammeters : Voltmeters : 

darea 20 cm! is placed i 
to deflect the loop t 


through the 100P- 


T-A cire 
of 2 T. eee loop of 50 turns an n a magnetic field 
alculate the torque required hrough 90° in the 
(Ans ` 


magneti 
c 
field when 1 A current is passing 


02 Nm) 
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8. A galvanometer coil of rectangular shape of length 4 cm and width 2 cm 
contains 200 turns of insulated copper wire. It is suspended in a magnetic field 
of ‘05 tesla and the suspension produces torque of 10-6 Nm per unit twist. What 
steady current passing through the coil will produce deflection of 5° ? 

(Ans. 1-09 x 1075 A) 


9. A moving coil reflecting type galvanometer has a coil of 50 turns of mean 
area 1'5 cm? per turn and the effective strength of the field (radial) is 02 T. Ifa 
current of 10-° A produces a deflection of 1 cm on a scale Placed at 1 m away, 
calculate the steady torque required to hold the SusPension twisted through 
1 racian. (Ans. 3 x 10-21 Nm) 

10. Ina moving coil galvanometer the magnetic field used is 5 tesla. The coil 
has 100 turns each of mean area 10x 10-* m?, If a current of 10-7 A produces a 
deflection of 1 mm on a distant scale 1 m away, calculate the current reduction 
factor of the galvanometer and torsional tigidity of the suspension wire. 

(Ans. 210-4 A per radian; 10-4 Nm per radian) 

11. A milliammeter has a resistance of 10 Q and each divison of its graduation 
reads one milliampere. How will you convert it into a voltmeter reading 1 volt 
per division ? What will be the sensitivity of the voltmeter ? (There are 10 divi- 
sions on the scale.) 

(Ans. Place a resistance 990 Q in series with the ammeter; 100 ohm per volt) 


12. A moving coil galvanometer has a resistance of 00 ohm and gives a full 
scale deflection with a current of 10 milliampere. Explain how you would convert 
it into (i) ammeter reading up to 1 ampere, (ii) voltmeter reading up to 10 volt. 
Also calculate the resistance of ammeter and voltmeter so formed. 

(Ans. 2:02 © in parallel, 800 Q in series; Ammeter=2 Q; voltmeter=1000 Q? 

13. A voltmeter having resistance 8000 ohm is used to measure the e.m.f. of a 
Cell of internal resistance 4 ohm. What is the Percentage error in the reading of 
voltmeter ? (Ans, 05%) 

14. A cheap voltmeter having an internal resistance of 30 ohm is connected to 
the terminals of a battery whose internal resistance is 5 ohm and true e.m.f. 1°5 
volt. What would be the terminal voltage as read by the voltmeter ? 

(Ans, 1°29 volt) 

15. A voltmeter of range of 10 V and Tesistance 5000 Q is connected by mistake 
in series with a battery and a resistor 500 Q. If the volumeter reading is 8 V, 
what is the e. m. f. of the battery ? (Neglect internal resistance of battery.) 

(Ans. 8°8 V} 

16. There is a milliammeter each division of which reads 1 milliampere. It has 
a resistance of 15 Q. How would you convert it into a voltmeter so that each 
division of its graduation would read 1 volt ? (Ans. by putting 985 Q in series) 

17. In a circuit consisting of a cell of e. m. f, 2 V and internal resistance 1 Q 
and a resistor of 9 Q, an ammeter of -02 Q is connected properly to measure 
current of the circuit. What is the Percentage error in the reading of the 

ammeter ? 


= 20. 2 
| wie: C real =jg= "2 (E E =w] (Ans, 2%) 
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A voltmeter of resistance 3000 Q can read up to 10 volt. How will you 
istit to measure voltages up to 220 volt ? How will the sensitivity of volt- 
be affected? (Ans. Putting 63000 Q in series; sensitivity will not change) 
1, A milliammeter of resistance 20 Q reads up to 50 mA. Explain how the 
sument can be used to read (a) current up to 5 A, (b) voltage up to 50 volt. 
[Ans. (a) 2 Q in parallel; (b) 980 Q in series} 


2 20. A battery of e. m. f. 5 V and internal resistance 20 Qis connected toa 
“imbination of two resistances 50 Q and 40 Q in series. If the p. d. across 50 Q 
e is measured by a 1000 Q resistance voltmeter, what will be the precentage 
eror? (Ans, 27%) © 
2. A150-volt voltmeter has a resistance of 20,000 Q. When connected in 
stties with a large resistance R across a 110-volt line the meter reads 5 volts. 
| Find the resistance R. (Ans. 4'2x 10° Q) 


®) 


2. A moving coil galvanometer of resistance 20 Q gives a full scale deflection 
when a current of 1 mA is passed through it. Itis to be converted into an 
ammeter reading 20 A on full scale. But the shunt of 005 Q only is available. 
What resistance should be connected in series with the galvanometer coil ? cae 

(Ans, 80 Q) 


23. Two tangent galvanometers of 50 and 100 turns of same wire and radii 
Wem and 5 cm respectively are connected in parallel. Calculate the ratio tand 
| ttn), where @, and 0, are the deflections produced in them. (Ans. 1: 

24. A 600 Q resistor and a 400 Q resistor are connected in series across 4 
Yoltline. A voltmeter across the 600 Q resistor reads 45 volt. What is the 
Atvoltmeter resistance ? If the same voltmeter is connected across 400 2 resistor, 


What will be its reading 2 (Ans. 1200 Q; 30 vol 


R 25. Three voltmeters A, B and C have the same range but different resis 
es po Q, Ry==1000 Q and Re=800 Q. A is connected in parallel to C 
Mapcted in series with the combination of A and C. When the 
Atead ip formed is connected across a constant potential difference 
Met $48 volts and meter B reads 10 volts, What will be the re ad 
et when all aro connected in series across the same potential diig 
(Ans. 5'92 volts, 4-94 volts 
ae galvanometer having a coil resistance of 100 ohm’ H 
Value of ag a current of one milliampere is passed thea 
givin the resistance which can convert this galvanomet 
AN full Scale deflection for a current of 10 amperes ? 
ibaa no! the requi is available but it will get 
d ‘ah equired value is availa’ 
Pah in it is greater than one watt. Can it be used for the 
Hi On of the galvanometer ? =<) 
(Hint : Power dissipated =/°R watt) 


27, 
conn When the modified galvanometer of the previous 


eci 
Caent dr across the terminals of a battery, it shows 
TOPs to 1 ampere when a resistance of 152 
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the modified galvanometer. Find the e. m. f. and the internal resistance of the 
battery. (I. I. T. 1972) (Ans. -49 Q; 2 volt) 

28. An ammeter and a voltmeter are connected in series to a battery of emf 
E=6V. When a certain resistance is connected in parallel with the voltmeter, 
the reading of the latter decreases n=2 times, whereas the reading of the ammeter 
increases the same number of times. What is the ratio of the voltmeter resistance 
to the ammeter resistance ? Find the voltmeter reading after the connection. 


Bay 
(Ans nits cepa) 


oo00 


—_———— 


CHAPTER 4 


WHEATSTONE BRIDGE, METRE 
BRIDGE AND P.O. BOX 


1. Wheatstone Bridge : Wheatstone bridge is an arrangement of 
resistors in which four resistors 
4B=P,BC= Q, AD=R and DC=S 
are arranged in a quadrilateral 
ABCD, A being joined to C through 
acell and B to D through @ galvano- 
meter, The distribution of currents 
in the different, 2fms of a Wheat- 
stone bridge ih ¿compliance with 
Kirchhoff’s ‘point rule’ is shown in 
the Fig. 4.1. When there is no 
current through the galvanometer, 
the bridge is said to be balanced. 

P _R _ Condition for balance. ig. +1 

Q0 S 

2. Metre Bridge : Metre brid 
bridge. Here P and Q are obtai 
long resistance wire by a slider. 


ge is an application of Wheatstone 
ned by dividing 4 uniform 1 metre 


—_— 


«10-1 
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Ta 
More accurately, X= (100=7-58) 
where a and B are the resistances of the wire beyond ‘0 and ‘100 of 


the scale including the resistance of the end strips. These are called 
‘end corrections’, 


3. Post Office Box (P_O. box) : This is a compact arrangement 
of Wheatstone bridge. Here keeping P : Q at three values, namely, 
1:1, 10:1 and then 100: 1, the resistance in the rheostat arm is 
adjusted for no deflection in the galvanometer and then unknown 


xR 


resistance is calculated from the formula 3 
EXAMPLES he 


Ra 

Ex. 1. When the resistances of the left gap and the right gap of a 

metre bridge are 111 Q and 1 ©, the null point is found at 99°8 cm. 

When the resistances are interchanged in the gaps it is now at ‘3 cm. 
Calculate the end corrections of the bridge wire. 


TR 
KA 


ve IT E 99 B+a 99-844 
Sol. We have, 210008 p La 


or 22'2+111B=99:8 +a se SO 
5 EAE sean a 

Again, Til ~~ 100-348 ~ 99-738 

or 99°7+B=33°3+-11la es 

Solving for a and B we have «=-59 cm and B=-70 cm. Ans. 


Ex. 2. In a P. O. box experiment it is found that in 1000 : 10 ratio 
deflection is to the left by 2 divisions when R 437 Q and to the right 


by 1'3 division for R=4369. Compute the correct. value of the 
unknown resistance. 


Sol. Change of resistance by 1 Q=change of deflection by 3'3. 


Change of deflection by 1 dy. =change of resistance by ay 


22 


3 33 » 


3:3 
='6 0. 
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Here for null point, R=437—*6=436'4 Q 


EXERCISES 


1. When the resistances in left gap and right gap of a metre bridge 
are 101 Qand 1 Q respectively, the null point is found at 995 cm. When 
the resistances are interchanged it is now at «7cm. Calculate the end-correc= 
tions of the metre bridge. (Ans. *29 cm; +49 cm) 

2. Show that in a metre bridge percentage error in the determination 
of unknown resistance is minimum when the null point is at the centre of 
the wire. 

3 na P., O. box experiment it is found that in 100: 1 ratio deflec- 
tionin the galvanometer is to the left by -7 division of the galvanometer scale 
when resistance in rheostat arm is 978 ohm and to the right by 1-2. division 
when itis 979 ohm. Calculate the unknown resistance. (Ans. 9:7837 ohm) 


4,In a simple metre bridge circuit the gaps are bridged by coils P 
y Q, P having the smaller resistance. A balance is obtained when the 
jockey key makes contact at a point of the bridge wire 40 cm from one end. 
On shunting the coil Q with a resistance 50 ohm, the balance point is mo 
through 10 cm. Find the resistance of P and Q. (Ans. 16°67 and 25 obm) 
_5. A coil of copper wire is put in the left BaP and some resistance iA 
right gap of a simple metre bridge. The coil is i ersed in a water ba h- 
When the temperature of the bath is 0°C, the null point occurs 
When the water in the bath is boiled, the null point shifts to 52 cm iCalcalete 
the temperature coefficient of resistance of Copper- acer 000833/°C) 

6. The resistances of the four arms of a Wheatstone bridge are P=10, 
0=100, R=40 and S=10 Q. What resistance 


or parallel with 
the last i : ; eae Jvanometer 2 
one will be required to obtain no deflection in the oe 390 Q in series) 


serves that he do 


7. In a P.O. box experiment @ student ob! 
ratio 1$. 


bi a in any of the ratios. But when the 
eflection is to. the right by 1 division for ; 
“ohh j value 0! 
02 division to the left when it is 597 Q. Compute the correct 

Unknown resistance from the observation of the student. 


wi k a metre bridge the wire consists 0 

of radius r and the other is of radius 2r- ” et 

; c ectively 

A the resistances in the left and right gaps ate 5 qand8 2 resp 83 
aterial of the wires is the same. ; 


ooo 


CHAPTER 5 


POTENTIOMETER 


1. The Potentiometer: The potentiometer is an instrument 
which can be used to measure the €.m.f. of a seat without drawing 
any current from the seat. It works on the fact that an e.m.f. or a 


P. d. can be balanced against another e.m.f or p.d. and produce zero 
current, 


In a potentiometer the e.m.f. of a battery (called driving battery) 
is distributed over a long uniform wire 4B and p.d. between any two 


moved over the wire till the two balance each other. A sensitive 
galvanometer indicates whether current in the circuit is zero or not. 


When there is no 
deflection in the galvano- 
meter we have P. D. 
between A and Y=e.mf. 
of the test cell. 

Suppose /=distance 
of the sliding point from 
the left end when there is 


Fig. 5-1 
no deflection in the galvanometer, 
r=resistance per unit length of the wire, 
e=e.m.f of the test cell, 
i= current through the potentiometer wire. 


Then e=Iri .. (1). —W orking formula of Potentiometer. 
The current (i) through potentiometer wire is given by 
: E 
SV a 32 
*~ REr LR @ 


where E=e.m.f. of the driving cell or battery, 
r=internal resistance of it, 
R=resistance of the potentiometer wire, 
R' =additional resistance if any. 
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Note, If the resistance of the driving cell circuit is not disturbed, 
imay be considered as a constant. However, if the resistance is 
changed, i is to be calculated everytime using formula (2). 


EXAMPLES 


Ex. 1. A battery of e.m.f.2 volt and internal resistance 1 ohm 
is used to send a current through a potentiometer wire of length 
100 cm and resistance 4 ohm, What length of the potentiometer wire 
will be required to balance a Daniell cell of e. m. f. 1°08 yolt ? 


Sol. Here j= ri ='4 ampere, 


r= 4 =2 ohm per metre, 


r=lri; 


108=/x2x'4, or ja 108 eE m. Ans. 


Ex. 2. In a potentiometer experiment it is found that no cs jae 
Passes through the galvanometer when the terminals of a ce m 
connected across 509 cm of the potentiometer wire. When pee 
drawn from the cell through a resistor of 20 2, 4 balance is 5 E 
when the cell is connected across 490 cm of the wire. ae 
internal resistance of the cell. 


Sol. Let e=e.m.f. of the cell, V=p.4. of the cell 
e Applying Ohm’s 


—_ 


resistance. From circuit equation we have, i= Ry 


and R=external 


S 
aw to the external resistance we have, #=R* 


k ae 
R. RH 
or ER. 


it length of the wire 
Here, e=509 pi where p=Tesistance per unit 


and V = 490pi. ial 


509 —490 20=:776 & 
r= ~ 490 
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Ex. 3. A 5-wire Potentiometer is connected to a Storage cell of 
steady emf. 2V and 1Q resistance. 


against 3'5 m of it. What resistance will be required in series with 


centre of the last wire i.e. 
at 45 m ? (The wire has 3 Q resistance per metre of it.) 


Sol. The potentiometer current (i) is given by 


E eh ea A 
7 SXSHL 167 eS: 
fz €=3'SX3 X12, 
Let X= resistance required, 
Now potentiometer current (i) is, 
at aie SRR ST ASE 
IS+1+X Torx? 
‘ ROMS 2 
3 3 =4 SKIX 
ORS OTISKE 72, Vor: 359 16, or X=4:57Q, Ans. 
EXERCISES 
(A) 


1. A metre bridge wire of resistance 3 Q is connected to a cell of e.m.f. 2 volt 


and internal resistance 1 Q Calculate the p.d. per cm of the wire. What length 
of this wire will balance a fresh dry cell of e.m.f. 1-5 volt ? 


(Ans. -015 V/cm; full length of it) 


(Ans. 1:25 m) 
ig Stretched on it, is connected 
A Lechlanche cell gives a null point 
er wire is increased by 1 m, find the 

(Ans, 8'25 m) 


3.A potentiometer, having a wire of 10 m lon 
to an accumulator having a steady voltage. 
at75m. Jf the length of the potentiomet 
new position of the null Point, 


potentiometer wire 10 m long having resistance 107 Q per metre. A cell gives a 
null point at 6-732 m. Ifa Tesistance of 2:5 Q is put in series with the wire, find 
the new Position of null Point. (Ans. 6°748 m) 


5. A 10-wire potentiometer is connected to an accumulator of steady 


When the cell delivers current through a conductor of resistance 10 Q, it is now 


Calculate the internal resis- 
(Ans. 1:14 Q) 
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6. A secondary cell of e.m.f. 2 volt and internal resistance ‘1 Q is connected 
tothe ends of a uniform wire of length 1 m and resistance 12 ohm. A primary 
cell of e.m.f. 1°5 volt in series with a galvanometer is connected to two points on 
thewire, If the galvanometer shows no deflection, find the distance between the 
points. (Ans. *757 m) 


7. In a potentiometer experiment it is found that no current passes through 
the galvanometer when the terminals of the cell are connected across ‘52 m of the 
potentiometer wire. If the cell is shunted by a resistance of 5 ohm, a balance 
isobtained when the cell is connected across ‘4 m of the wire. Find the internal 
tesistance of the cell. (Ans. 1°5 ohm) 


(B) 


8. The resistance of a potentiometer wire 8 m long is 8 ohm. A high 
resistance box and a 2-volt accumulator are connected in series with it. What 
should be the value of the resistance in the box, if it is desired to have a potential 
drop of 1 micro volt per mm ? (Ans. 1992 9) 

9. The terminals of a cell are connected to resistance R and the fall of 
Potential across R is balanced against the fall of potential on a potentiometer 
wiro. When R is 20 Q aad 10 Q respectively, the corresponding length on the 


potentiometer wire are 15m and 1'2 m, Calculate the internal resistance of 
the cell, (Ans. 6°67 Q) 


10 An accumulator of e.m.f. 2 volt and negligible internal resistance 1s 
connected across a uniform wire of length 10 m and resistance 30 Q. ae 
appropriate terminals of a cell of e.m-f. 1*5 volt and internal Re 
connected to one end of the wire, and the other terminal of the cell is eens 
through a sensitive galvanometer to a slider on the wire. Oe watt 
Wire will be required to produce zero deflection 0 í ; 
the balancing has ge Bs when a coil of resistance 5 Q is placed in series prae 
accumulator, (b) the cell of 1-5 volt is shunted with 

(An 
seat of 


11. A certain thermocouple (treat it as 4 sef 
gicean 


tesistance of 10 Q, has one junction in meltin, aac 
steam, The e.m.f. between its ends as measured wees to a millivoltmeter 
2 patie What would be its reading when it is connect (Ans. 3°33 millivolt) 

ich has a resistance of 50 ohm ? Fy connected to an 


e can 
boxes R, and R, in series with the accumulator and is cell of 1'018 V having 


v R 
alues of resistance from resistance boxes. ted across Ri 
4 sensitive galvanometer in series with itis connec! 5 


YOu proceed with the above arrangement to obiad of R 
T mm of the potentiometer wire ? Calculate iba Mei 

hat length of this potentiometer will balance the thermo e-i 
Couple at 3099C which develops 17 uV/°C ? i 
sand ti 


(Ans. Put R, = 1018 (one ma alyanometer; Ry 
adjust R, till no deflection in tne g 


f. of Cd-cell); 
mes the 972.0, 5:1 m) 
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13. A five wire potentiometer is connected to an accumulator of e.m.f, 
2:2 V and 1 Q internal resistance, The potentiometer wire has resistance 1 Q per 
metre. What is the maximum Voltage that you can measure with this Particular 
arrangement of potentiometer ? What length of this potentiometer will balance 
the e.m.f. of a Daniell cell (e.m.f.=1-18 V) ? What resistance in series with 
accumulator will be required to balance this cell exactly at the centre of the 
last wire ? (Ans. 1:833 V; 3:218 m; 2:39 9) 

14 A potentiometer wire of length 1000 cm has a resistance of 10 ohms, 
It is connected in series with a resistance and a cell of e m.f. 2 volts and of 
negligible internal resistance. A source of e.m.f. 10 millivolts is balanced 
against a length of 40 cm of the potentiometer wire. What is the value of the 
external resistance ? (L.1L.T. 1976) 

(Ans. 70 Q) 

15. In a ten wire potentiometer the first five wires are of radius r and the 
next five wires are of radius 2r. The wire is connected to a battery of steady 
voltage 2 V and negligible interna] resistance. What Jengths of this potentiometric 
arrangement will balance that e.m.f. of (a) a Daniell cell (emf=1-0 volt), (b) a 
Lechlanche cell (emf=1-5 V) and (c) an unknown cell of emf 1°8 vo It? 


(Ans, (a) 312-5 cm, (b) 468-75 cm, (c) 750 cm) 


0o00 


CHAPTER 6 


ELECTRICAL WORK : POWER : ENERGY 
[ Heating and Chemical Effect of Carrent ] 


1, © We cctrical work: When Q coulomb of electricity flows through 
apotera tī a| difference of V volt the electrical work done is 


W=VQ joule (J). .» (la) 
Since - /=(/t (current =rate of flow of charge), 
of oO=lIt 
ard <. W =VIt joule. „= (1b) 


E 2, EM ectrical power: The rate at which electrical work is done 
| inacã r tait is called power of that circuit. 


È. - watt 
| i 3 5 «~ V=RI). 
or P=VI watt (W) or PR or z C- 
3. = kectrical energy : The energy consumed in an electrical 
circuz# Ēna certain time is the work done in the circuit. 
i Energy consumed in a circuit =VIt joule =Pr joule. 
ori of Trade Unit: The unit for which electrical energy 
e Unit (B.O.T. unit) 


char S at a certain rate is called Board of Trad 
and 2 2&9 kilowatt-hour (K.W.H.). 
360C joule =1 watt hour 


rf 3600 x 1000 joule =1 K.W.H. 
n ampere) Xf (in hour) 


= Energy consumed = V (in volt) xJ (i ane 


B. O. T. units 


E P (in watt) xt (in hour) p, O. T. units. 
1000 
e whole of the electri- 


P 5 th F 
A Heat produced by electric current : If BAG Data 


cal &1>Srgy given up by charge carriers as they 
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drop is fully converted into heat energy, it is said to be a pure resis- 
tance. The heat produced is given by 


W=JH. 


H (heat produced by current) SE calorie. 


We have, V=RI ... Ohm’s law. 
2 

ae i a calorie 
Ver A 

or H= JR calorie. 


5. Chemical effect of Current : 


(a) Faraday’s laws of electrolysis : (1) The mass of ions liberated 
(and hence deposited also) is proportional to the amount of electri- 
city that passes through it. 


(2) The masses of different ions liberated by the same quantity of 
electricity are proportional to their chemical equivalents. 
(b) Electro-chemical equivalent (E.C.E.) : If W=mass of ions 
liberated in kg by Q coulombs of electricity, then 
WeQ, or W=ZQ, or W=Zit 
Gc Charge =current x time), where Z isa constant of the ions 
and is called electrochemical equivalent. 


If O=1 C, then W =Z kg... Thus E.C.E. is the mass of ions ip 
kg liberated by 1 coulomb of electricity. 

Unit, kilogramme per coulomb (kg C-1), 

(c) Faraday : To liberate 1 gm equivalent of any substance, a 
fixed amount of electricity is required, That fixed amount of electri- 
city is called a Faraday. A faraday is nearly 96,540 C per gm equi- 
valent or 96540000 C per kg equivalent, 

(d) Relation of chemical equivalent and electrochemical equi- 
valent : The ratio of chemical equivalent to electrochemical equivalent 
of a substance is a universal constant and that constant is a Faraday. 


Ray =....=96500000 C per kg equivalent. 
3 
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EXAMPLES 


Heating effect : 

Ex.1. In a hostel there are one hundred 40-watt lamps, ten 
(l-watt fans and a 1000-watt electric oven. If all the appliances are 
wed for 5 hours daily, find the electric bill in a month of 30 days if 
the cost of 1 B. O. T. unit is 30 paise. 


Sol. ae _ (100 x 40 +10 x 60 + 1000) x 30x 5 
ol, Energy consumed — o 


B. O. T. units 


5600x150 _ : 
is = 56x 15 units 
e 


Pri 56x 15x 30_ oR 
Bill=Rs. one Rs. 252. 


Ex. 2. A 220 V-500 watt aluminium electric kettle weighing 
How long will it 


l'2kg is used to boil water from a 180 volt supply. ; 
take to bring 1 kg of water from 30G (o UT ieee i 
capacity of aluminium ="3.) 


Sol. A ‘220 V-500 watt’ means that kettle will consume 500 watt 


only when voltage supply is exactly 220 V. When so A will 
change power consumed will also change. The thing that will not 
change appreciably is its resistance. We have, 
y? _ Ve 220 _ 96-8 0. 
R= pi or Raa 500 
When we put it on 180 volt supply, 
P= be joule per second. 
Let t be the time required. 
Then, hee M 180° $ joule. 
heat produced 568 xt} 


Heat absorbed by aluminium and water 
sr 3x 4200 3 (100-<a nr 
= 1'36 x 4200 x 70 
(Heat capacity O. 


180? 
1-36 x 4200 x 10 = gag *! 


f ak ~4200 J kg” Ky) 


N. B, p34 
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1:36 x 4200 x 70 x 96'8 
180? 


Ex. 3. Compare the amounts of heat developed in three wires 
having lengths in the ratio 1: 5:8 and radii 1: 2:3 when joined in 
parallel. 


or n= =1194s=19 min 54s. Ans. 


Sol. We have, R, and R=p. aL 
R mr 
POM Dg Pie rnc 
p.1/nr? pl 
Here V, =, t and p are same for all. 
A e i cl Mg sued ele laf lt 28) 5.5°37/8 
=1:$; 3: =40: 32:45. Ans. 
Ex. 4. A 9000 Q voltmeter is connected across a resistor R and 
an ammeter of ‘015 Q in series with it. The voltmeter reads 117 volt 
and ammeter reads `13 A. Calculate the value of R and power input 
to R. 


Sol. Suppose R’ =effective resis- 
tance of resistor and voltmeter. 


(v) 
1, 1 _9000+R 
Th vy 
der A en XR 90005000R 
; 9000R 
Fig. 6-1 Bie tee eae 
ia Ss J000 FR 
9000 R 
D. l _ 9000R ,. 
P.D. across voltmeter 3000 -R sae I} 


=117 (given). 


9000R 117 
FR ge es ONA, 
Goa G ala 
Power input= R 10007 13:7 watt. Ans. 
Chemical effect : 


Ex. 5. A metal plate weighing 750 gm is to be electroplated with 
05% of its weight of silver. If the current of 0'8 ampere is used, 
find the time’ needed for depositing the required weight of silver. 
(E. C. E. of silver is 11:18 x 19-7 kg C-1) 
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Sol. We have, W =Z 
247556 2934 PETE 
Here WESTI T00 =375 x 10-* kg; 
A 375 x 10-§=11':18 x 107x 8 xt 
or t=407'°6 s=6 m 47 s. Ans. 


Ex. 6. The electrochemical equivalent of silver is 1118x107 
kg C~, If the atomic weight of silver is 108 and Avogadro's number 
6:06 x 1028, calculate the charge on silver ion in silver nitrate solution. 


Sol. Let us consider liberation of 1 gm equivalent of silver. One 
gm equivalent of silver is 108 gm. One gm mole of silver is also 108 
gm because silver is monovalent. Let Q be the charge required to 
liberate 108 gm of silver. 

Then 108 =11:18x 10-4 Q (©  Z=1118x 107 kg C 

=11:18 x10 gm C7) 

or Q=9'66 x 104 C. 

This amount of charge is carried by 6°06 x 10° ions of silver. 


: f 9:66 x 104 -19 
= =1:594x 10°C. Ans. 
Charge on a silver ion 606x105 1 


Ex. 7. If 96,500 C of electricity liberates 1 gm equivalent of any 
substance, what time will it take for a current of 15 ampere to liberate 
20 mgm of copper from a solution of copper sulphate ? (Atomic 
Weight of copper =64.) 


Sol. In copper sulphate salt copper is divalent. 


64 
Chemical equivalent of copper = 7 =32. 


o < 96500 4, 0603C 


20x10 32 
603 _402 s=6 m 428. Ans. 
Now Q=It, *. ater; =402 s=6 m 
EXERCISES 
(A) 


Heating effect : 

y „watt fluorescent tubes 
1. In a house there are ten 60-watt lamps, three x ve P 
and three 40 watt fans. When all these are switched on 


ower drawn and 
from the mains if the supply voltage is 220 Wid Sraa (1 B. O. T. unit 
ihe cost of using them for 6 hours daily N87 3:82 A, 840 W and Rs. 4539) 


| Costs 30 paise.) 


532 NUMERICAL EXAMPLES IN PHYSICS 


2. A 500 watt—220 V electric kettle is used to prepare 4 cups of tea How 
long will it take ? Assume that a cup contains 250 c.c. of water. Specific beat 
capacity of water 4200 J kg- K~? and initial temperature of water=20°C. Also 
calculate the cost of preparing tea if 1 B, O. T. costs 35 paise. 

(Ans. 11 min. 12 sec; 3-3 paise) 

3. Show that heat developed in m wires cach of resistance r joined in parallel 
in between two points at constant potential difference is n* times the heat deve- 
loped in the same wires when they are joined in series between samo two points. 

4. Show that the power supply by a battery to an external resistance is 
maximum when it is equal to the internal resistance of the battery. Further show 


J 
that this maximum Power is where e is the c. m. f. of the battery and ris 


internal resistance. 

S. The average temperature coefficient of tungsten is 5*110-*/°C. The 
filament of an electric lamp has a cold resistance of 97 n at 20°C. When glow- 
ing fully well it has resistance of 121 Q. Calculate its temperature. If it is a 100 
watt lamp, what current does it consume ? 

(Ans. 2499°C; 3:2 A when cold and “91 A when hot) 

6. Compare the heat developed in the four arms of a balanced Wheatstone 
bridge. The resistances of the arms are 10 Q, 100 Q, 40 Q and 400 Q. Also indi- 
cate in which arm minimum heat will be developed and in which the maximum. 

(Ans. 4:40: 1: 10; maximum in 100 Q and minimum in 40 N) 

7. A wire of resistance 5 Q is connected to a battery of e. m. f. 2 V and inter- 
nal resistance 1Q. In 2 minutes (a) how much energyis transferred from chemical 
to electrical form, (b) how much appear in the wire as Joule heat? (c) Account 
for the difference between (a) and (b). 

(Ans. 80 joule; 66°67 joule; the rest is lost as heat in internal resistance of 
the battery) 

8. An electric kettle taking 3:5 amperes at 210 volts brings 1200 c.c. of water 
from 25°C to 95°C in 12 minutes. Find the Percentage of the supplied energy 
which goes towards heating water. (Ans. 66°67%) 

9. In a hostel 160 bulbs, having a resistance of 1200 ohm each are lighted 
on 220-volt supply everyday from 6 P. M. to 11 P.M. If electrical energy cos's 
25 paise per kilowatt hour, find the cost of lighting the hostel for a month of 30 
days. (Ans. Rs. 242) 

10. A 220 volt electric kettle takes 990 watts. Calculate (i) the resistance of 
the heating element, (ii the time required to melt and boil away 1 kg of ic¢ 
Assuming a heat loss of 40% by conduction and radiation, 

(Ans 1:414 hour: 49 Q) 

11. Two batteries of e. m. f. ‘e’ and internal resistance r are connected in 
parallel across a resistor R. For what value of R is the power delivered to the 
resistor a maximum ? What is the maximum power ? 


(Ans. R=r/2; max. power= 5) 


t ~ 12. A 660 watt electric heater is designed too i 
a perate from 120 volt lines- 
‘What is its resistance ? What current does it draw? What is the rate of deve- 


f; aS 
2 bt nt 
A > 04 
PRERA à 


ELECTRICAL WORK : POWER : ENERGY BS] 


tof heat in calorie per second ? If the line voltage drops to 110 volt, what 


does the heater take in watts ? (J=4°2 joule per calorie.) 
(ans. 22 A; $5 A, 157 caje; $95 warns) 


(B) 
2 m long wire of resistance 4 ohms and radius 064 men is costed 
ic i i ickness 0°06 mm. When a current of $ amperes Bows 
gh the wire, find the temperature difference across the insulation la (he 


y state, Thermal conductivity of insulator="15 War? K=". 
(LL. T. 194) (ans. 4°) 


{Hint : Q (rate of flow of heat across a thin cylindrica! sarfece) 


Oax) dd 
ma 
i o d . (agen 
io deyar? À aa §"S i 
A FWA 


g 
o (0,-0)= aq Woe ry 


14. A fuse made of lead wire has an area of y he 
iting, the current through the fuse wire reaches 32 A- How long pe 
circuiting will the fuse begin to melt? For lead, spect Oot 

=134 J įg K-?; melting point=327°C; relative density= 1 mT 

Hire = 20°C; electrical resistivity=11X10-48™ tars 


15. An electric tea-kettle has two windings. m fa ares ar 
On the kettle begins to boil in fz minutes, and wie Oe to boil if borb 
begins to boil in s, minutes. In what time pepper r 

Windings are switched on simultaneously in series and th 

- Ans. (ttt ith 


resistance I N it 

16. A storage battery with an e-m f. of 10 V and an iatea S sati pO. Fed 
connected across an external resistance R ; the battery value of valeat 
eg rovential ciffercnce across the terminals of (Ans. govori ¥;9Q0 we 


Chemical effect : battery and 19 colt. 
17. A copper voltameter is connected in ser s neigt of tbe cathode is 
The current is passed for aa hour and pected across 1-ohm coil is 25 vor. 
12952 gm. The reading of the voltmeter (Ans 33x10- kgicosiomd) 
Calculate e.c.e. of copper- 300 can? is to be nickel plated. 
F q 18. A metal plate having a total surface a of nickel deposited. 

a current of 1 5 A is used for 3 hours, © Sickel 10+ is 
{Density of nickel = 8800 kgm; E.C. E. of ea 17x 10% m) 
series with a tangent galvanone’ 
19. A copper voltameter is connected in series Tt Cope deposited in 30 

of 10 turns and 5 cm in radius. Calculate 
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minutes if the deflection of the galvanometer is 60°. (Horizontal component of 
earth’ s field=28 Am- and E.C.E. of copper=32'8 x 10-8 kg C-1,) 
(Ans. 2863 10-3 kg) 
2^. In a copper yoltameter 20 mgm of copper is deposited on the cathode of 
the voltameter by '15 A current in 6 minutes 42 seconds. Calculate (i) amount 
of electricity required to liberate one gm equivalent of any Substance, (ii) charge 
carried by an electron. (Atomic weight of copper=64; Avogadro’s constant 
=6°02 10% mol-1 and copper is divalent.) 
[Ans. (i) 96500 C; (ii) 1.6% 10-9C] 
21. A steady current is passed for 25 minutes through a silver voltameter and 
ammeter in series and +559 gm of silver is dəposited. The ammeter? reads 3A. 
Find the error, if any, in the ammeter reading, given that the’ E.C.E of silver 
=11:18 x 10-7 kgC-, 
(Ans. The true current is +333 A and therefore the error is +033 A) 
22. A current of 5A is passed for 5 hours throug’ three voltameters arranged 
in series, containing solutions of copper sulphate, silver nitrate and sulphuric 
acid. Calculate the masses of silver, copper and hydrogen liberated. (E.C.E of 
Silver = 11:18 x 10-7 kg C-1, atomic weight of silver=107°88, atomic weight of 
copper=63 57 and atomic weight of hydrogen =1 -008.) 
(Ans. 100-62 x 10-8; 29-65 10-3 and +94 10-8 kg respectively) 
23. A current passes through copper voltameter aad water voltameter in 
series, How much hydrogen at 27°C and pressure of 100 cm of mercury will be 
liberated during the time 17°5 gm of copper will be deposited ? (Atomic weight 
of copper=63 and density of hydrogen at S.T.P.=-09 kgm-*.) 
(Ans. 5°15 x 10-* m?) 
24, When a detonating gas explodes 34-5 kcal are liberated per gm of reacted 
hydrogen. Use this observation to find the minimume.m.f.ofa battery at which 
the electrolysis of water is possible. (A faraday=96,500 C.) (Ans. 1°5 V) 


o00 


CHAPTER 7 
ELECTROMAGNETIC INDUCTION 


1. Magnetic flux : Magnetic flux through an area AS is defined 
as the dot product of the area vector and magnetic B-vector. 


That is, magnetic flux through AS=B ; AS 
or BAS cosd weber (wb) 


and magnetic flux through an extended area 


= D AS where D extends over all the 


elementary areas. 


2. Electromagnetic induction : Faraday discovered incidentally 
through a closed 


that whenever there is a charge of magnetic flux 
coil,a momentary current is produced in the coil so long as “id 
change of magnetic flux takes place. This phenomenon is calle 


electromagnetic induction. 


3, Faraday’s law of electromagnetic induction : I 
c induction states that 


n a compact form 


Faraday’s law of electromagneti 
dpe at!) 
esa : 
the coil 


where N =number of turns, op = instantaneous flux through 
at time t, e=induced e.m.f. 7 
tor : When à straight 


4. Induced e.m.f. in moving straight conduc rm magnetic 


i ifo; 
cond e i d at right angles to a un! nagn 
po Ee ie at ae between its ends 1s airs 


field B with velocity v, the in 
by e=Bly volt (V). 
The direction of e is given by Fleming’s right hand An 
5, Induced e.m.f in a rotating coil: If a coil ve epee ARDAUA 
with uniform velocity in a ; i em.f. in the coil is 
perpendicular to the magnetic 
given by 


it <r 
e= NAB o sinot volt where o=angular yelocy 


or e=e,sin ot 


; induced. 
where  e,=NABo is the maxi ag 


mum ¢.Mm. 
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6. Flux through a coil : Let the normal 
to a coil of area S make an angle 6 with 
the magnetic field B. Then o, (flux 
through coil) 


==B. AS=EBAS coso 
=B cosðt AS =B cos0.S 
where S= total area of the coil. 
Fig. 7-1 -. 3=BS cose weber (wb). .. (4) 
7. Self induction : When current through a coil changes, the 


magnetic flux linked with the coil also changes. Due to this change 


of flux a current is produced in the coil itself. This phenomenon is 
called self induction. 


According to the law of electromagnetic induction e (self induced 


e.m.f.)= -N2 - But @s (instantaneous flux) cc i (instantaneous. 


current through coil). 


or e=-1%, where L is a constant of the coil and is called 


coefficient of self induction. Its unit is henry (H). Also see Ex. 5. 


8. (i) 1 of a circular coil is > L= }ruourN?a henry (H) where 
a=radius of the coil and N=number of turns, 


2 
(ii) L of a solenoid is : L= baie * henry (H) where /=length 


of the solenoid and A =area of cross-section of the solenoid. 


9. Mutual induction : When two coils are placed side by side or 
one above the other, on changing current in one (primary coil), 
current is induced in the other (secondary coil), This phenomenon 
is called Mutual induction. The e.m.f. in the secondary coil is given by 
dorg 
dto 


es=— N; But ọs © ip. 


dip, 


_ diy At, 
es © e Or e= Mo 
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the coils and is called coefficient of mutual 
the distance between the coils, their number 
d the medium in their cores. Its 


when M is a constant for 
induction. It depends on 
of turns, area of cross-section an 
unit is also henry (B). 


10. Mutual inductance between two similar parallel but co-axial 


coils : 
__powrt NPat 
a+ x)? * 


M 


When they are placed in touch 
M = Inoue Na H. 


Mutual inductance between two co-axial solenoids : 


M= uour Ni N2S H 
l 
where N,=number of turns of the primary coil, 
N,=number of turns of the secondary coil, 
S—area of cross-section of the secondary coil, 


1=length of the primary coil. 
EXAMPLES 


Ex. 1. The axles of the carriage of a train travelling 7 ys on 
per hour are 1°6 m long. Find the difference in potential at 
th’s field is «5x 10+ tesla and angle 


ends if total intensity of the ear 
imi 1981 
of dip is 60°. (Similar LLT. 1981) 
Sol. As the train move 
vertical component of the earth’ 


s its axle moves at right angles tO the 


s field. 
a 10+ tesla. 


B,=B sins="5* 10-4 sin60° = 


Now e= Bly volt. 


54/3 X10 V1: 72000 
e= VIX KO 3 a 
-3 \ 
sie aR a Ne 
rotates 20 times per 


Ex. 2. A copper dise of radius 10 


second with its axis para 
Calculate the induced e.m., Ji 
disc. 


i -05 tesla. 
form magnetit field of 
a 1A re andi the edge of the 


538 NUMERICAL EXAMPLES IN PHYSICS 


Sol. Consider an element dx at a 
distance x from the centre. This element 
is moving with speed y=ax. 

Induced e.m.f. across dx 
= B(dx)v = Bdxox = Boxdx; 
e.m.f. between the centre and the 


r 
edge of the disc =f Boxdx = 2 na 
o 


Fig. 7-2 
Here B=-05 T; ©=2nn =2n x 20=40n and r=10 cm='1 m. 
_ 05 40n x “12 

2 


e = 0314 volt. Ans. 

Ex. 3. Calculate the maximum emf. induced in a coil of 100 
turns and ‘01 m? in area rotating at the rate of 50 revolutions per 
second about an axis perpendicular to a uniform magnetic field of -05 
tesla. If resistance of the coil is 30 2, what is the maximum power 
generated by it ? 


Sol. We have, €o=NABo=100 x ‘01 x 05% 2750 
C7 @=2nf where f= frequency of revolution) 
or €0=15'7 volt. 


Current produced = rl ='524 ampere. 


Power generated = 15-7 xX 524=8:23 watt. Ans. 


Ex. 4. Calculate the self inductance of a solenoid 'Gron-cored) 
of length 30 cm comprising of 100 turns and radius 5 cm (urp of iron 
= 500), 


2 
Sol. We have, L= Hou MT"4 henry, 


L=47x107x “00% 100? x mx ‘052 henry 
47x125 
Sy 


Ex. 5. Show that coefficient of self induction is also magnetic flux 
dinked with unit current, 


x 10-4= 16:08 x 10-4= 1'61 m H. Ans. 


Sol. We have, e= -N E by law of electromagnetic induction. 
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di 


Also ens i 
L IP formula through which L is introduced. 

dos MA di 

dto s dt 
or 
a J Ndop=f Ldi, or Nos = Li-+a constant. 

i=0, p= 0 ia constant=0. 
Nos=Li, or paNes x 


L 
Put i= 
i=1, then L= No, =6p, the total flux linked with the coil. 


Thus coefficien 
> t of self i joni. F n J 
E urent. f self induction is the flux linked with a eal 

/ ‘oved. 


EXERCISES 
(A) 


a i 
aa Anges loop of radius 10 om and 500 turns. is turned upside 
(Barth's verti orizontal table in ‘5s. Calculate the mean e.m.f. generated. 
E e field=43 x 10 tesla) (Ans. 2:69 mV) 
about its Ase ae of radius 20 cm makes 1200 revolutions per minute 
the potential Ui ich is parallel to a uniform magnetic field of -01 tesla. Find 
ifference between the centre and the edge of the disc. 
(Ans. 25:14 mV) 
etween the ends of a horizontal 
ond after it has fallen from rest. 
(Ans. 3:92 10-* yolt) 


EA par the difference of potential b 
eiotizoni ng pointing east and west, two sec 
a. al intensity of earth’s fiel 
with A ee 10 m Jong is flowing 
ea elocity of -3 ms-}. Calculate the P 
at the sides of the rivulet. (By=34% 


f a coil of 100 turns of wire wound on 
mê in cross-section, the relative perme- 
(Ans. -014 henry) 

km per hour at a 
span is 10 m, 
(Ans. 067 V) 


S; 
an iro Calculate the inductance © 
abili n ring of radius 10 cm and 10 ¢ 
ity of iron being 700 
6. A 
Place ee all metal aerdplane flies 
what where vertical intensity is 4X 
7 will be the resulting P.D. between 
Aa field of -2 tesla acts at right an 
turns. The coilis removed from th 


induced, 
8. in 
. A millivoltmeter is connected petween th 


vo; 
peur reading when a train passes a 60 km pet hou! 
is Sees earth's field is 2X10 te 


horizontally at 600 K 
10-* tesla. the wing 


the tips of wing ? 


e rails of a track, Calculate the 
r. The vertical compo- 
the rails 


en 
(Ans. «5 milli volt) 
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9. Calculate the coefficient of self induction of solenoid having 500 turns 
and a length 1 m, The area of cross-section is 7 cm? and permeability of the core 
is 1000. (Ans. *22 H) 


10. Calculate the coefficient of self induction of a coil of 500 turns when a 
current of 1:25 ampere produces a magnetic flux of one microweber. 
[Hint : See Ex. 5] (Ans. *4 mH} 


11. A rectangular conductor of area ‘2 m?is placed in a uniform magnetic 
field having B-vector strength 2 T with its normal atan angle 30°. Calculate 
the magnetic flux linked with the conductor. (Ans. ‘35 wb) 


12. The self inductance of a closely wound coil of 100 turns is 5 mH. What 
is the flux through the coil when the current in it is 10 mA ? 
[Hint : See Ex. 5] (Ans. 5x 10-5 wb) 


@®) 


13. A solenoid has a core of 2x10-% m? cross-section, half air and half irom 
(ur=500). The length of the solenoid is2m. If the number of turns is 1000, 
calculate its coefficient of self induction, (Ans. °315 H) 

14. A solenoid 50 cm long and 8 cm in diameter is wound with 500 turns. 
Another coil of 20 turns of insulated wire is closely wound over it at its mid- 
region. Calculate the coefficient of mutual induction. 


HotrNı NaS 
$ 


[Hint : Use the formula M= henry] (Ans. ‘126 mH) 


15. A metal wire of mass m slides without friction on two horizontal rails f 
distance apart. The track is in a vertical uniform magnetic field of induction B. 
A battery of constant e.m.f. g is connected to the rails, What is the terminal 


speed of the slider ? g 
¢ ( Ans. ix) 


16. A stiff wire bent into a semicircle of radius R is rotated with angular 
speed w in a uniform filed of induction B about its diameter perpendicular to 
the field. Calculate the maximum e.m.f. developed. (Ans. 42BR*a) 

17. A copper bar of mass m slides under gravity on two smooth parallel 
rails ‘/’ distance apart and set at an angle a tothe horizontal. At the top the 
rails are joined by aresistor R. Calculate the steady velocity of the bar when 
there is a uniform magnetic field B perpendicular to the plane of the rails. 

mgR sina 
(ans. _ ey 

18. A copper bar of mass m rest at right angles to two parallel horizontal 
rails ‘J’ distance apart. The rails are connected by a resistor R at one end and 
kept open at the other ends. There is a uniform ‘upward magnetic field of 
induction B. The bar is pulled away from the closed end by a constant force F, 
Calculate the terminal velocity of the bar when pis the coefficient of friction 


etween rails and the bar. me 
(Ans. Siaa eA h pE) 


OOD 


CHAPTER 8 


A.C. DYNAMO : D. C. DYNAMO : D. C. MOTOR : 
A. C. CIRCUITS : TRANSFORMER 


1. A. C. Dynamo : Principle : When a coil is rotated at a constant 
speed about an axis perpendicular to a magnetic field, there is 
continuous change of magnetic flux. Following this changè of flux, 
a continuous e. m. f. is produced in the coil. 

When a coil of area 4 and having N turns is rotated uniformly 
with angular velocity © in t 
a magnetic field B about € 
an axis perpendicular to @ 
the field the e. m. 
induced is given by 

e=NABa sinat 
or e=é, Sinot 
where e,=NABo is the Fig. 8-1 x ; 
maximum induced e. m. f. Thus we see that the e. m. £ induced i 
a rotating coil changes harmonically. The corresponding current wi 
also change harmonically but not ser in the same phase. 
we can write for current, j=iysin(ot +9; to 
current and a is the phase difference between the current and 


Sym- f. t experiences a 
Due to rotation of the coil in ah FS coil. Hence 
magnetic torque which tends to stop the mo jon aor torque 
an external agent must apply a tor ? 
oe c fiel 
and maintain rotation of the coil in the pac el 
a dynamo converts energy of the external agen 4 
The instantaneous torque is ge oe 
cai oh ii il 
re coil. 
ys curt ant through the armatu 


where i is the instantaneo i 
ists of severa 
: „C. dynamo consi + anced e:m.fs 1n 

2. D.C. Dynamo : A pee eqrmature + e indu 


on a laminated iron cylind ie rings 2 e collect 

the coils are rectified by ha 3 R 
ina i PME tic 

collectors. The e.m-f. across the term! ie coils in the magnet! 


constant. Due to rotation ° 
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field, the armature experiences a torque which tends to oppose the 

motion of the armature. Hence an external agent must apply a“ 
torque to overcome this magnetic torque and the torque due to 

friction at the collectors, If E is the Steady emf generated and /, is 

the armature current, then EI, is the electrical power developed. If 

t is the torque and @ is the constant speed of the armature then 

mechanical power expended in running the armature is ta. 


In an ideal dynamo, 70 = EI, 


and E=klI,f where k is a constant, J,=field current and 
f=frequency of revolution of the armature. 


The field magnet is generally electromagnet excited by the dynamo 
itself. The exciting coil of the electromagnet is sometimes connected 
in series (series wound) or sometimes in parallel (shunt wound). 
In a series wound dynamo the load current, the armature current and 
the field current are the same but in the shunt wound dynamo the 
load current is equal to the sum of the field current and the armature 
current. 


3. D.C. motor: A motor is an electrical appliance to convert 
electrical energy into mechanical energy. The construction of a DC 
motor is the same as the DC dynamo. When a DC voltage is applied 
across its terminals, the armature experiences a magnetic torque 
due to the fact that a current-carrying loop placed in a magnetic 
field experiences a torque, A motor is used to drive some machinery. 
When it is coupled to some machinery, it is said to be loaded. The 
machinery applies a mechanical torque tending to stop it. So the 
motor does some work. Thus in an ideal motor 


i applied ie * magnetic. 


Due to the motion of armature coils in the magnetic field an emf 
is induced which tends to oppose the armature. This is called the 
back emf. The back emf depends on the speed of the armature and 
the flux density of the magnetic field. If E is the applied emf, I, is 
the armature current and e is the back emf, then 


where R, is the armature resistance of the motor. 


4. Average value or Mean value : The average or mean value of 
instantaneous currents over a half cycle of change i.e. from 0 to 7/2 
or T/2 to T is termed as average or mean value of the current, 
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ò a UT 
hes. 2a . . R 0 t 
i Pp -2{ igsinot dt =—,— VER 
0 
S A 
i =i 
ui 
Similarly, A =e, 


5, Root mean square or Virtual or Effective value : The square root 
of the mean of the squares of instantaneous currents 1S called root 
mean square (r. M. S$.) value or virtual or effective value of current. 


Ly 
f idt 


T 
Bas -2 IT 
T e ee in? pa Te 
P=- a sinoat dt=7 + F 
0 
per E 
Sr pen 
Iy-m-3 if ~ 
Similarly. e EO 
> roms y2 
6. A. C. Circuits : (i) Circuit with resistance only : 
If e=instantaneous e.m.f, R 


j= instantaneous current 
then, i=, or e=iR. 
R 


Let us assume i= ip Sinot. Z 
e= ip R sinot= ĉo sinot Fig. 8-2 
(where eo= igR)- i 
Thus current and e. m. f. change 10 phase. 


5 L 
(ii) Circuit containing inductance only: 
Here an e. m. f. is induced in the coil. 
di 
e= -Ly 
L dt z 
Fig. 8-3 
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di 
r e=L—=oLi,cosot 
© Ti o 


e=e, sin(ot-+-n/2) 


> WIC 
where eo= iL, Or ig =. 
0 0 > 0 ai 


Thus current lags behind e. m. f. by x/2 or by a quarter cycle, 
‘We note here that though the coil has no pure resistance, it reacts 
to the flow of alternating current by developing ane. m. f. This 
amounts to opposition to all current. This is why the quantity ‘œL’ 
is called inductive reactance and is expressed by X, =0L ohm. 


(iii) Circuit containing capacitor only : 
Suppose e, i and g are instantaneous 
e. m. f., current and charge on the 
capacitor; p. d. across capacitor =g/C. 

e—q/C=0 (by circuit equation) 
or e=q/C. 

Assuming e= e, Sinot, 


we have q=eC =e,Csinot. 


WW ung an COSMA yc) ( A i 
aN = t= =i Sinf of + — } where e)=—° 
Mates eo SC 


e 
or ore 
oe, 


Thus here current leads the e.m.f, by 7/2 and Xo = -+ ohm. 


(iv) Circuit containing resistance (R) and inductance (L) (i.e. an 
L-R circuit) : 


Equation of the circuit is 


di p; rales a eid 
Cah ae or e=Riz Lyr: 


Assuming i=i, sinot and hence taking the value of i and # and 
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putting them in equation of circuit we 


have e=esin(ot+0) 
where ey=ioV Rie 
and tana = oL 

R 


. Fig. 8-5 


Thus in L-R circuit the current lags behind the e. m. f. by a= 
far? oL/R and the effective opposition to the flow of current is 
VRL.. This quantity is called Impedance. It is denoted by Z. 
Thus impedance (Z) of L-R circuit is given by : 

Za=V/R+0L ohm (9). 


(v) Circuit containing resistance R, inductance L and capacitance 


C. (ie. L-C-R circuit) : 


Equation of the circuit is: 


di 
ese eda Bo >) 
Gis, Ri 
or e=," | Ri ge! 
dt NON 
Assuming i=ipsinot and hence 
taking the value of i di and Fig. 8-6 
=fi f ) -esin@t+a) 
q=f idt and putting them in circuit equahon we have e=60 
| es 
TN 
where azi erota) 
oban 
(o 
and tana = 


PA E E 
1 \2 
ii et 
e of L-C-R circuit) = atte c) 


1 
rcuit) -(o1-36 ) Ps 


Z (Impedance 


and X (Reactance of LCR c 


N. E, P.-35 
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6. Transformer: Transformer is an electrical appliance to 
transfer electrical energy from one circuit to another circuit from 
one current and voltage level to another current and voltage level. It 
works on the phenomenon of mutual induction. In an ideal trans- 
former (using suffix 1 for the primary coil and 2 for the secondary 
coil) we have 


E, N: i j 
“2 ——2=n, called transformation ratio. 
EIN ed transformation r: 
Also E,l,= Eels i.e., Power in the primary coil= Power in the 
secondary coil. 


EXAMPLES 
A, C. and A, C. Circuits: 


Ex. 1. The equation of an alternating e. m. f. is e= 50sin100nt. 
Calculate (i) peak value of the e.m. f., (ii) the mean value of the 
e. m. fa, (iii) r. m. s. value of the e. m. f. (iv) What is the interval at 
which it attains maximum value ? 

Sol. Comparing the equation with general formula e=e,sinot, 

we have e)=50 volt. Ans. 
@=109r, or 2rf=100r, or f=50. 


We kaon a S ee ia ine o NG ON 3108 V. Ans. 
T T T 
We have, er. S AI e RA ; OL OR? 35 
VE, erms V2 erms v2 4 35°35 V. 
Ans. 
The interval between two successive maxima is 7/2. 
; Eee ae Ee R om ISAI 
“. Required interval ==, = IF ( $ Pa +) 
oP ct eh eecand 
af 2X30 = econd. Ans, 


Ex. 2. A coil of 20 Q resistance and ‘\ henry inductance is 
` connected to 220 volt 50 cycle mains. What is the impedance of the 
coil? What current does it draw ? Does the current lead or lag and 
by how much ? 


Sol. We have, Z (impedance of L-R loop) 


=tan 


Current lags by angle ©% 


_inseries with an inductance o, 
between the current and the e. 


is 50 Hz. a 
gol, We have, inan L-R 


é Ex. 4. A 40 watt-110 Vil 
yolt-50 Hz a. ¢. supply. 


Sol. We have, P 


When put on 220 volt sup 
choke required. A choke is¢ 
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a p OT A524 5 5.’ 
Now, Ob at ee ee aq 67 henry (H). 
A choke of 1°67 H is required for the purpose. Ans, 


DC Dynamo and Motor : 


Ex. 5, A DC dynamo armature is driven at 1200 rpm (revolu- 
tions per minute). With no-load, the torque to drive the armature 
is only 5 Nm; with an out-put current of 20 A, the torque required is 
45 Nm. Estimate the generated emf. 


Sol. When there is no load, the armature current is zero. Hence 
there is no magnetic torque experienced by it. Now voltage is deve- 
loped but not any electrical power. Under such circumstances the 
external agent has to overcome the torque due to friction only. 


Tyrtetton = 9 Nm. 
When there is load the external agent has to overcome the mag- 
netic torque and the torque due to friction. 
TmagneticTyriction=4 Or tmag=40 Nm 


In a simple dynamo, tmagnetic<o= El. 


40 ye EX 1200 


Bhat Beh 207 OF b= 20'S: V. Ans. 


Ex. 6. A series wound generator is rated as 5kW, 100V, 1000 rpm. 
The resistance of the armature coil and the field coil is ‘05Q If the 
speed is increased to 1500 rpm and the full-load power generated by it 
is 8 kW, find the terminal voltage and the full-load current. 


Sol. The above rating means that at full load its terminal 
voltage is 100 V at 1000 rpm and the power delivered by it is 5 kW. 
Using ‘fl’ for full-load we have here Vj,=100 V. 


5000 | 
In= 00 ~ 50 A 
By the circuit equation (dynamo treated as a cell) 
E= Vn -I,Ry. 
E=}00+-50 x 05=125 V. 
When the speed is increased, I’, -5e where V’y is the new ter- 


minal voltage. 
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E' (the new e.m.f. generated) 
4000 
nt Va 5 
The greater the e.m. f. generated the greater the flux linkage and 
the angular speed. But the flux is proportional to the field current 


(Ir). 


=V'ptl'ax 5=V' (i) 


~ £ px 
Ecl, Xo: Thats), = 
FXO 1S. E Txo 


Since it is a series wound dynamo, Ta = {p =fr. 
8000 1500 


1 Duxa! 240 , 
E'=— L SUUN cen 3 5 
= xE Wn xo Ta ee (13) 


Thus from (i) and (ii), pe 240 x 125 
Vin Va 

or V’? =2600 or V'j=161 volt Ans. 

>, 8000. Ao. 

and Lacie Ra Ans. 

Ex. 7. An electric de motor whose armature is -25 Q takes a current 
of 10 A from 100 V mains when running at 1300 rpm. Calculate 
(a) the power loss in the armature, (b) the power of the motor and 
(c) the available horse power (H.P.) when the load is increased so that 
the speed falls to 1200 rpm assuming that the field current remains 
constant. 


Sol. (a) Power loss in the armature=/,?R,= 108% °25=25 Pa 


(b) Power of the motor = 100 x 10—25=975 W. Ans. 


100S E is the back e.m.f. 
75 where e 1 ao tm 


(c) At 1300 rpm, 10= 


or e=975 V. 
o the field current and the speed. 


„m.f. is proportional t 
The bark P (given) and hence the back e.m.f. 


Here field current remains constant 
is proportional to the speed only. 


The back emf at 1200 rpm= 7238 x 97:5=90 V. 
| GAON 
A <. Armature current at 1200 rpm = —-75 =40 A. 
i = -25=400 W. 
Power loss in the armature=40? x 2: ad td 
| ~. Power available = 100 x 40— 400 = 3600 W=5s aa 
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Ex. 8. A step-down transformer is designed to step down the 
power line voltage of 2200 V, 50 Hz down to 220 V Sor distribution to 
the houses. Calculate the primary current when the transformer 
delivers power to a load of only 2°4 Q, assuming it to be an ideal one. 
What is its transformation ratio ? 


Sol. We have in an ideal transformer, fae 
“1 1 
and El =E,h. 
E. 220 220 
S pe eee ee paseo | ee O =880 A. Ans. 
1 Ree 2500 * 2:5 10 x 88 =88 
n (transformation ratio) = p = A = a =10. Ans. 
EXERCISES 


A. C. and A. C. Circuits : 


1. The equation of an alternating current is i=2 sin 200m. Calculate (i) the 
peak value of current, (ii) the mean value of current. (iii) virtual current. 

{Ans, (i) 2 A; (ii) 1:273 A; (iii) 1:414 A] 

2. An electric lamp which runs at 100 V D.C. and 10 A current is connected 

to 200 V, 50 cycle A. C. mains. Calculate the inductance of the choke required. 

{Hint : Consider choke as a pure inductor.] (Ans. ‘055 H) 

3. A coil of resistance 100 Q and inductance ‘2 H is connected across 50 Hz, 

220 V supply. Calculate (i) reactance of coil, (ii) impedance, (iii) fraction of the 

_ total effective resistance (i.e. impedance) which is purely resistive and reactive. 

Why is the sum of the two percentage not zero? [Ans. (i) 62:84 Q; (ii) 118:1 Q; 

Gii) 84-79%, 53:29/: because of the phase difference] 

4. A 60 volt 10 watt lamp is to be run on 100 volts 60 cycle mains. Calcu- 

late the inductance of the choke coil that would serve the purpose. How much 


Pure resistance would serve the same purpose ? (Ans. 1:273 H; 240 Q) 
5. The impedance of a choke-coil is 14 Q and its reactance is 13 Q. What is 
the resistance of the choke coil ? (Ans. 5'2 Q) 


6. An alternating e.m.f. of 100 volts and 50 cycles is applied to a circuit of 
inductance :02 henry and resistance 4 Q. Find the peak value of the alternating 
current, (Ans. 19 A) 

7. An A. C. flourescent lamp needs 1 A current at 100 volts. Calculate the 
inductance of the choke required to run the lamp at 50 cycle 220 volt supply. 

(Ans. ‘624 H) 
8. A 60 volt 10 watt lamp is to be run on A.C. supply of 100 volt 50 cycle 
IÑ series with a suitable capacitor. Find the capacitance of the capacitor that 
Would be needed for the purpose. (Ans, 6°63 uF) 


ALG. ; 
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9. À i 

ASi wre e.m.f. of 200 V, 50 cycles is applied to a circuit having a 

Laas Q, an inductance *1 henry and a capacitance 1 farad, all in seri 

ulate the value of the current and also its phase ' J 

(Ans. 6:07 A; current lags by 72'3°) 

ie eee a sir value of C an L-C-R series circuit is nonreactive 

e this value of C for th = = 
=1000 per sec. Heese pac Seaview 


11, S ; KAE 
1. Show that in an Z-C-R series circuit current is maximum and is in 


Phase with the e.m f. when the frequency of the applied em.fis k J AS 


12. A 600 Q resistor is in series wi i 
f with a°5 H inductor anda -2 uF capacitor. 
Compute the impedance of the curcuit at 400 Hz. toa Q) 
13. The current from a half wave rectifier is given by ish sin et in the 
mE t=0 to t=T7/2, T.to 37/2 etc. and during the intervals ‘=7/2 to T etc., 
e current is zero. Find (a) the average current during the interval from 0 to T. 


(b) the r. m. s. current during the same interval, i i 
| ans. (a) -zi () +| 


DC dynamo and motor : ; 

14. A dc generator is rated as 250 V, 100 A, 
(Ra)is’2 Q. 

(a) Calculate the no-load terminal voltage. 

(b) Predict the full-load terminal voltage if the field current is decreased by 


10%, assuming the armature current remaining constant. 
{Ans. (a) 270 V, (b) 223 V] 


and 50 A at 1000 rpm. Ifthe armature 
o-load terminal voltage at 1000 rpm and 
e the field current to be constant. 
(Ans.=220 V, 156 V) 
16. A 20 kW, 250 V, 1200 rpm dc generator is running without load. The 
armature resistance of the generator is 15 Q. If the speed is increased to 1500 
rpm and the field current reduced by 10%, calculate the terminal voltage on no- 
load, (Ans. 295 V) 
17. A de motor consists of 100 turns of 200 cm* cross-section. The flux 
density of the field is fixed at “4 wo m7? and the applied e.m.f. is 110 V. Find the 
back e.m.f at 1200 rpm. If the resistance of the motor circuit is 1 Q, find the 
power delivered. 
{Hint : e (back e.m.f.)=NAB o] (Ans. 100'5 V, 955 W) 
18. A de series motor is rated as 220 V, 50 A at 1000 rpm at full-load. The 
resistance of the armature js -4 Q and that of the field coil in series with the 
armature coil is 2. Q. Calculat q speed. 
[Hint : e (back e.m.f,)=NABO and t=1,ABN.] (Ans. 91 Nm) 
The resistance of 


19. Adc motor is rated 10 KVA, 500 V, 30 A, 1000 rpm. 
the armature is “6 Q. If th ent is 4 A, find the speed at no- 


e no-load armature curr 
load. What is the change (Ans. 1032 rpm, 15°6 V) 


2000 rpm, armature resistance 


15. Adc dynamo is 10 kW, 200 V 
resistance (Ra) is ‘4 Q, calculate the n 
the full-load voltage at 800 rpm. Assum 


e the torque at the rate 


in the back e.m.f. ? 
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Transformer : 

20. The in-put of a power supply transformer (300 turns on Primary) is to be 
120 V at 50 Hz. There are two secondaries of it. One secondary provides 120 
mA at 500 V and another 2 A at 6 V, 

(a) Estimate the number of turns required on the secondaries, (b) Estimate 
the full-load primary current. [Ans. (a) 1250, 15; (b) +6 A] 

21. A step-down transformer is designed to step down the power line voltage 
of 2200 V for distribution to a certain locality at 220 V. Calculate the Primary 
current when the full-load impedance of the locality is 4 O. Assume the transfor- 
mer to be ideal. Also calculate the transformation ratio of the transformer, + 

(Ans. 5'5 A, ‘1) 

22. A transformer is to be designed to deliver 500 kW to a locality at 220 V, 
If Power supply is at 2200 V, what is the transformation ratio of the transformer 
and what is primary current at full-load ? (Ans. 1/10, 227 A) 


000 


MODERN PHYSICS 


CHAPTER | 


INTRODUCTION TO MODERN PHYSICS 


1. Motion of a charged particale in an electric field: When a 
charged particle enters into an electric field between two plates it 


experiences a force F given by, Fie qE where g=charge carried by the 
particle and E= intensity of the electric field. 

That is, it experiences a force q£ in the direction of the electric 
field whatever be its initial velocity and whatever be the inclination 
of direction of its initial motion with the electric field. 

Force = mass X acceleration. 


qgE=mxf, or J-E 


where m is the mass of particle. Hence to solve problems on motion 
of non-relativistic* charged particle in an electric field, recall all the 
equation of kinematics viz., (i) yeutft, (ii) s=ut+ i ft, Gü) t-u? 
=2fs. 

2. Electron volt (eV): When a 
electric field between two plates, 
V =potential difference between the p 
the charged particle=Vq. 


charged particle moves in the 
it gains in kinetic energy. If 
Jates then energy acquired by 


i, Vq=im? 
or v= Z. 


When an electron moves down a p.d. of 1 volt, energy acquired 


by it is called electron volt. 
Putting V=1 volt and g=1°6 
3 electron volt= 1X 16x1 
1 eV=1'6x (teati 


x 10-3 C we have, 
079 J=1'6x 10” J. 


Thus, 


which are small in comparison to the speed of 


*Particles moving with speeds 
light in a vacuum (c). 
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MeV (Million electron volt)= 108 eV =1°6 x 10-33 J 

BeV (Billion electron volt) = 10° eV=1°6 x 10-19 J, 

3. Motion of a charged particle in a magnetic field : When a 
charged particle enters into a magnetic field, it experiences a sideways 
force F given by F=qvxB where v=yelocity of charged particle and 
B is the magnetic field. 

That is, it experiences a force=qvB sing in a direction of a 
Screw perpendicular to y and B and rotating from y to B through the 
smaller angle, 

Since a charged particle experiences force at right angles to it its 
velocity, its motion in magnetic field is always circular, If r=radius 
of the track of the charged particle then we must have 


2 
Bqy= = or o= 21 Gt v=ar) 


T 
Note. If the particleis projected at inclination 9 with the field, 
then vin the above formula is the resolved part of the velocity 
perpendicular to the field. The motion of the particle is then along 
a ‘helical path’. If yy is the velocity of the particle at inclination 9, 
the ‘pitch’ of the path= Vo COSO X T. 


or T (time of revolution) = 27 (: o=7*). 


EXAMPLES 


Ex. 1. Calculate the velocity with which electrons in a cathode 
ray tube strike the anode when 30,000 V is operating between the 
cathode and anode of the tube. (mass of electron=9 x 10-31 kg, 
charge of electron=1°6 x 10-9 C). 


Sol. We have, Vq=imy? 
„= (VG. [2X00 xT Ex103" 
re a 9x 10-8 — 
or ya / ZRERTE 106 140535108 m/s, Ans. 


Ex. 2. An electron entering a magnetic field of ‘01 tesla with a 
velocity of 10? ms- describes a circle of radius *6 cm. Calculate 
elm (specific charge) of the electron, 


~ 
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Sol. We have, Bey O™ or £=} 
r m Br 
6. ii 
m 01x'6x 10+ 
= 1°67 x 10° coulomb per kilogramme (Ckg~). Ans 


Ex. ron L 
ae ee an a ae in between iwo plates main- 
AR š | Y 
E PE z the energy in eV acquired by the 
Sol. Energy acquired in the form of kinetic energy 
= Loss in electrical potential energy 


= Vq joule 
= 1000 x 16 x 10-19 joule C 16x 10-1 J=1 eV) 
_ 10000x 16x 10% 
rexio eV=1000 eV. Ans. 
EXERCISES 
1. An electron falls through a potential difference of 1000 volt and gives 


up 1°6x 10-18 joule of energy. What is the charge on the electron 1 
(Ans, 16x 10-"* ©) 


Ee forces of cathode ray particles due to electric and magnetic fields 
feta are at right angles to each other balance each other. If the magnetic 
ip as an intensity *1 tesla, what is the intensity of electric field ? The velocity 
cathode ray particle is 10° ms~*. What p.d. is required to produce this 
velocius (ans. 10° Vm; 2°8 volt) 
3. An electron falls through 4 potential differenc of 50,000 V. What is 
the energy acquired by it? (Ans, 5x 10* eV) 
4. An electron of energy 150 eV describe magnetic field of 

‘1 tesla, Calculate the radius of the circle.. (Ans. 4-1 X10-* m) 
5. An electron is moving with a velocity of 107, ms™. Find its energy in 
electron volts. (mass of electron=9"1 x 107" kg and charge of electron 
=1'6x 10-1 C) (Ans. 284°4 eV) 
6. A horizontal stream of accelerated to velocity 
before i i ectric field between two 
dat a p.d. of 100 V- he 

harged particles of the stream. 


s a circle in & 


3x107 ms“ immediately 
horizontal plates separate 
stream is deflected by 5m 


(Length of plates=10 cm.) 
(Hint : Electric field between plates=rate of change of potential 


$ 
p.p. between placi 4 13x10% 1 
= pjstance between plates $ (Ans, 1810 ChE”) 
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7. Electrons move at right angles to a magnetic field of -015 tesla with 
‘velocity 6 x 107 ms“. Find the radius of the orbit. 


(Ans, 2-27 10-2 m) 


‘Tay particles is given by rae, 


Calculate this velocity when B=-01 tesla and E=50,000 volt per metre. 
(Ans. 5 10° m/s) 
_ 9. A non-relativistic electron enters into a right-handed co-ordinate space 
with velocity 104 ms™ at an angle 60° with the x-axis in the xy-Plane. There is a 
‘uniform magnetic field of 50 mT along the y-axis. Find the pitch of the helical 
‘trajectory. What is the axis of the helix ? (Ans. 6-0 um; y-axis) 
10. A non-relativistic Proton enters at right angles to a uniform magnetic 
‘field of 30 mT. What is the frequency of revolution of the particle if the field 
is sufficiently deep ? (Ans. 46 x 105) 
11. A non-relativistic electron enters into a uniform magnetic field of 
50 mT with speed 105 m/s at right angles to it and emerges from the field after 
‘I nanosecond. What is the deviation produced by the field ? Show that it 
“does not depend on the initial speed of the electron. (Ans. 51°) 


Ooo 


CHAPTER 2 
ATOMIC STRUCTURE 


1. Atom: Anatom is a miniature solar system with a central 
heavy mass called the nucleus and electrons revolving round the 
nucleus in different orbits, 


The nucleus broadly consists of two types of particles—protons 
and neutrons. Protrons are positively charged particles and have 
mass nearly equal to mass of a hydrogen atom. Neutrons are 
electrically neutral and have mass nearly equal to mass of protons, 
Electrons are negatively charged particles having mass mo! a 
proton. 


The number of protons in the nucleus is the same as the number 
of electrons in the orbits. Each proton carries the same amount of 
positive charge as that carried by an electron. This is why atom as 
a whole appears electrically neutral. The number ofprotons in the 
nucleus is called Atomic number (Z) and the total number of protons 
and neutrons (commonly named nucleons) is called Mass number (A). 
Mass number of an atom is the nearest integer to the atomic weight 
of atom, Symbolically in atomic physics an atom is written as 
M, where M is the usual chemical symbol of the atom. l 

Surrounding the nucleus electrons revolve in different orbits but 
all the orbits are not allowed. Electrons can revolve only in inoi 
orbits called stationary orbits or quantised orbits which satisfy the 


wee h =moment of inertia of electron, 
quantum condition, Jo="7- where I 


is a universal constant called Planck’s 
constant and n=1, 2, 3,.-.-called principal quantum na Or 
E of electrons in orbits is graded being lowest in m are d 
gradually increasing with increase of order of orbits. Thus w > 
i “diffe ent orbits will be in different energy states (or evels x 
j n a i hese energy states (or level or shells) ak ieee = z i 
eg i n= Gass 
d by quantum number Pp AS 
M, N,....Shells characterise 
N. h shell has again several subshells (or levels) nua ea by 
ey pr number called orbital quantum gt ibe i 
ae sJ ee 
assume values Oem ren called s, p, g 


=angular velocity, h 
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(or subshells or levels). In each subshell again there are several 
energy states characterised by a third quantum number called 
magnetic quantum number (m) which can assume values from -+7 to 
—1. As electrons have two spins, each of these states will have two 
spin states. Thus for examplein p subshell m can assume three 
values 1, 0, — 1, i.e. there are three states and each of these three 
states have two spin states. Therefore in all there are six states in p 
subshell. These levels are termed as pi, Pas Pa» - - ++, Po States. How 
many electrons are there in a shell ? This is governed by a famous 
_ principle known as Pauli’s exclusion principle. According to this 
principle no two electrons can have all their quantum numbers 
identical. Thus according to this principle the maximum number 
of electrons in an orbit is 2n? and maximum number of electrons in 
a subshell is 2(2/+1). Filling of the shells and subshells takes place 
according to another principle—‘A system is stable when it is in the 
lowest energy level’, The various energy states are graded in this 


way : : 
15\<1s<25;< 29,< 2py< 2p. ies <2pe < 35; < 3s2< 3p; < 3p, 
.- < 3ps < 45, < 4S3 < 3d, < 3da < 3d.. 5... <3din< 4pı< 4ps... 
< Ap, < 5s, < 552 < 4d1 < Adz... < ådio. 


2. Energy of an Atom : From the consideration of dynamics of 
circular motion of an electron in an orbit of radius rp, 


1 Ze? 


dey . Fat =mo? In. i (i) 


From quantum condition we have 
h A 
mr o=n. =. Me 
" 2n (ii) 


Eliminating between (i) and (ii) we have 


eg" h? Eh? Sm, a 

"a= Zenm =(Sa)S myo x5 Ze 
where = so at as Biol Os 
mme* z 


X ; The potential energy of the electron 
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Adding the kinetic energy and the potential energy we have 

; Z*e4m etm z? 2 

Ey = ee === TA 

rO Be hne ( Ban) at A 

4 
h picem 
where Ep Sahe 
‘rydberg’ unit of energy. 

5 This expression gives the energy of the electron of an atom in 

the nth orbit or the energy of the atom in the mth state. 


When the atom reverts from an mth excited state to sth lower 
state, the difference of energy is emitted as light wave, the frequency 
of which is given by 


= 2°18 x108 joule or 13°6 eV and is called one 


E,—E,=hv 
BOR a 1 ) 
Beh NS ne 


= 1 
v (wave number) = Number of waves per metre= — “> 


ie (eee 


em _ 1.097 107m~, a universal constant called 


Behe 


e TET 


- Lomas | 
Rydberg constant. Thus v=1°097x 10°Z? (= - x). 


: The 
State and Excitation Potential : 
energy required to excite an atom from aa i psn ene iatras 
given state is called the excitation r o! wid 8 vide ere suns 
potential needed to accelerate ioe tnt ‘a called the excitation 


tion energy to the atom on cot " h 
Esten tial If Ver is the excitation potential of a state and Ees is the 


3. Excitation Energy of a 


Ers 
= t Van == 
excitation energy of the state, then Ea =Veaxe 8 Tat- 


3 hs wal to 
Remember, excitation energy in electron volt is numerically eg 


the excitation potential in volts. 


required to remove the 
| 4. Binding Energy of a State : The copy oa hae 

Bi electron to infinity from the present state energy 
2 7 of the state. aie = en os 


5. Ionisation baal: and Energy A pound) £ iin k 
seins E f atom an 
remore M (principal yn 2 See Dio 
accelerating potential needed to a 
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to provide this energy on collision with the atom is called the ionisa- 
tion potential of the atom. The ionisation energy in electron volt is 
numerically equal to the ionisation potential in volts. 


EXAMPLES 


Ex. 1. Calculate the radius of the first orbit of hydrogen atom. Given 
that charge of electron=1:6 x10- C, mass of electron=9"1 x 10-31 
kg, Planck's constant =6°6 x 10-34 Js, 

Sol. From consideration we have 

coulomb’s force = centripetal force, 


Tio ernie 
He heen Saree Fe sie (1) 
at Nnw From quantum condition we have 
N 
/ DN mrto A EE 
{ +e Qn 
\ Cm : (C~ I=moment of inertia of electron 
=r"). 
NS A Squaring (2) and dividing by (1), 
a A 4n2, Arer? _ miro? or r= Sot 
Fig. 2-1 nea mar ’ nme 


Pe 8°85 x 10-2 x (6°6 x 10-*4)2 
3:142 x91 x 10-81(7-6 x 1079) 
Ex. 2. Find the atomic structure of „Ca. 
Sol. Z =20 = Number of electrons and also number of protons; 
A=40, number of nucleons. 
Number of neutrons = A —Z =40—20=20. 
Arrangement of electrons— 
1s 15822812832p12pə . . ..2763513523p,3py..+. -3p645,45,=20 electrons. 


=9'3 X10-" m; Ans. 
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Ex. 3. Show that the kinetic energy of electrons in the first Bohr 
orbit (ground state) is numerically half of its potential energy. 


Sol. Considering dynamics of circular motion of electron we have 


1 & moir .. G), (et Fig, 2-1 of example 1) 


Areo re 


From quantum condition, 


mro= Le (n=1, for first orbit), 
Now, kinetic energy of electron = my? = }ma*y? Cl ¥=ar) 
and potential energy of electron 
e e 
= Ke) è 
neg Caa 4negr 
Proceeding with kinetic energy expression, 


L oaa oa (OUE 
k.e. <5 Co moe (ge err 


[taking o° from (i) and putting it here) 


e Proved. 


EXERCISES 
(A) 


1. Find the structure of the following atoms « 


* se +t ) 134l”. 
(i) ,0%, Gi) nC, dii ty 
[Ans. (i) Number of electrons or protons=8; No. of neutro: 
15,15,25,28, 2P12P: 2D s2Pa 


ctrons 0) = =18. 
; s 
Gi) Number of ele ns or protons 17 Number of neutron: 


18318,2825 PPr T 
(iii) Number of electrons or protons= Oey non 
19, 15925:2592P12P2 a ZD6 On in the first orbit of 


ion of bit of 

al irte i frequency of T of electron =9x ig ee cho p y Ra z Ss 

radi or ahe oE a (Ans, 325381 
: T i und state 

3. Show that the energy of hydrogen atom 1n the gro 
, We og 
E =- ma F 
te=Kinetic energy of electron in t 
ectron.] 


he first 
und sta 


(Hine : Energy I I energy of the el 


orbit-+electrostatic potentia! 
N. E. P.-36 
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adog: Galgulata the energpofsiydregen satotms iiith the) grddndostite€given that 
the first Bahr, orbit of; aydrpgem\is\ PRATS andseleethanic chatgacis 
ERLO EE 4 ee Ans. —2:304 x 107% joule) 
aveg) acaleaatetie besa UPH een fh CHET Arse Behe ise given’ that 
h=6°6 x 10-3 Js; m=9-11 X 10- kg and e=1°603s< 10-}* C. 
(1 olqmsxo 10 I-£ git 992) (i) -. AEON s S. 2:2 10° ms) 
6. Find the atomic structure of ,,Mg**. What is its valency ? 4 
(Ans. number of electrons or protons 2V DAGm Gar OP Rettohs—12, 
electron arrangement : 1s,15928,25,2p12P s debeneenioase 27,3538 93 
Qid10 jern 107 =) =e! = OFAN valency=2) 
7. Calculate the radius of the first and second orbit of sodium atom 
(%e=14). *.) eSeint = Sunt = norioslo Jo ygione oilenia wo 
h=6:6x 10-3 Js, e=1:6x 10-1 C and rics fhe 107kg. lsiinoioq bis 
f (Ans. 482x10-1? m, 1:928 x 10-71 m) 
8. An a-particle, of 2velocity(s1-6x10" mi —1-approaches gold nucleii 
(Z=79). Calculate the'ld?étance of ‘closest ` a ach’. Mass of an a-particle 
=6'6x10-™ keg. oizes1gx9 ygan oionid siivéAnsi i3 xA0T m) 
9. A single electron orbits around a stationary nucleus, of charge +Ze, where 
Z is a constant and e i theelectrdnic Barge! It‘réquines-47-2¢V to excite the 
electron from the seco’ Bohr onbitt6 the third Bohr orbit Find (i) the value 
ij) i i tron from the third to the fourth 
ani pan AaB GR FS ana ctromagnetic radiation ‘required to 
gomovg the electron from the first Bohr orbit to infinity. | _ (I. 1 T. 1981) 
Hide (Ans (nd, GL 16-6 eV, (iii) 363 A9] 
10. Calculate for a hydrogen atom the ionisation potential, the first excita- 
tion potential and the wavelength. x nce line (n'=2-+-n=1). 
co ep key (Ans. 13°6 V, 10:2 V, 1215 A°) 
11. An electron in an excited hydragep atom acquired an energy of 12:1 eV. 
To what energy level did it jump ? How many spectral lines may be emitted in 
the course of the transition to Lowen energy, levels) 2s Calculate ithe cobresponding 
wavelengths. Aher (iii) (Ans. 223D1025)A°; 6563 A%~A215 A°) 
12. Calcylate,the radins of the first Bohr grbit.of.a Hes jonang (the ebinding 
energy of its electron in the ground state. qS qS (ADS. .2:65 X11 0- m; 54°5 eV) 
13. A bygrogem atom in, a) stage. heving Rinding, energy O 8Sue\ymabes a 
‘transition to a state with an exgitaign energy o, 1Q2, eVe , Find the energy of 


the photop,emitted. _ i PLE SEN oer Uw Anis: 285 BV) 
cart aU aici he Rae fit BA A ana 
Paschen series. aN es Soh aaa oe (Ahs AS, apa A9, 18752 A9) 


10 J¥BOA abbi ioNiSE TAH Aunt ARPI HJA genike With tone Minber 3. 
‘Pind Mhe Wavelength of tadi stiot Pequit ed Rabie iO EE the 
GREG HE third orbit (forlisdtidn energy of the hYarogi háton adianto FERA. 
How many spesteał lines are Observed anithe tmibsiony spectrum sof yee excited 

system ? ty 1 (1. I. T. 1985) 

<a sandi ane (Ans. 1022 A9; 3) 


Jaa oft ai nowosle 10 vetens oA Este bavorg ont ni vgiond : wi] 
[Lnorosls sd) io vgisns [siinstoq 2itstzo1}29l9 +3id10 
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CHAPTER 3 


PHOTO-ELECTRICITY, X-RAYS 
AND RADIOACTIVITY 


aspect of light: According to French 
rticle of momentum p is associated with a 


h h 
p= OF =? ued) 


1. Particle and wave 
scientist De Broglie a pa 


wave of wavelength à given by 


where v is the corresponding frequency and c=velocity of wave. 
y be supposed to consist of 


According to this principle light ma 


particles called photons of momentum p-* where v=frequency of 
acket of 


of light and each photon is 4 P 
. ce if) 


electrons strike a hard target like 
es of extremely short 


light and c=velocity 
energy, 


2. X-rays: When fast moving 
tungsten, platinum etc., electromagnetic wav 
wavelengths are emitted. These are called X-rays. 

If V is the voltage by which electrons are accelerated then Ve is 
the energy acquired by each electron. When it is stopped by the 
target, most of its energy is converted into heat energy and very little 
into X-rays. However, assuming complete conversion of its energy 
into X-rays we can calculate maximum frequency (and hence 


minimum wavelength) of X-rays produced. Ve=hvmaz 
he 2) 


or Vmax = re -1 and Amin = fon 


quency greater than a 


ission : When light of fre 
on certain 


d frequency (vo) falls 
electrons are ejected from 


trons by light js called 
so ejected are called 


3. Photoelectric em 
certain minimum called the threshol 
, in a vacuum, 


metals like Na, K, Ce etc. acl 
them. This phenomenon of emission of elec 
photoelectric emission and the electrons 


Photoelectrons. 
4. Work function (9) : The energy required to 
de of it is called its work function. 


from inside of 4 metal to outsi C f 
If light ue frequency Y falls on a metal then we may think as if 
iking the electrons and imparting their 


particles of energy Av are stri 


expel an electron 
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energy to the electrons. If this energy is equal to the work function 
of the metal, electrons will just come out of the metal. If hv is 
greater than the work function 9, then the balance (hv —@) appears as 
kinetic energy of the electron. 


BA hy—9=3my*, 

Let P= hvo 

then hy — hvo = įm? 

or łmy?=hħ(v— vo). .. (4 


This is known as Einstein’s photoelectric equation. 

5 Radioactivity: The phenomenon of spontaneous disintegration 
of heavy elements with emission of certain rays like o, B and y-rays. 
is known as radioactivity. 

If Ny is the number of atoms present now and N is the number 
of atoms present t seconds after, then 

N=N ye AAO: 
where à is a constant called disintegration constant. 

Half life period: The time (7) in which the number of atoms 
present at any instant is reduced to half is called the. half life period. 


k No_ N e-2 Le A 
if 7 Noe TaT NOE ere à 
Taking log of both sides, we have 
—loge2=—2T, or r182 23x logi? .. (6) 
a T 
or T= 23X ‘3010 _ 6931 $ o (6a) 


A y 


Average life : In a radioactive substance atoms are continuously 
breaking. Those atoms which break earlier have very short life, 
those breaking later will enjoy longer life. 

Average life is defined as the mean of the lives of all atoms 
averaged over all atoms. 


Sum of lives of all atoms_ 1 


A e life= 
one faa Number of atoms KE 


Measure of activity of a radioactive substance : The rate at which 
disintegration takes place is taken as measure of activity. Its unit is 
curie (Ci). 1 curie=3°7 x 10" disintegrations per second. Another 


4 
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unit is rutherford corresponding to 10° disintegrations per second, 
A third unit is ‘bequerel’ = 1 disintegration per second. 
37 rutherford=1 mCi (milli curie). 
Activity of any substance 
dN_ N 
aaa 108 curie (Ci) or ioe N rutherford. .. (7) 


EXAMPLES 


Ex. 1. Calculate the de Broglie wavelength of neutron whose 
energy is 1 electron volt. 
Mass of neutron =1°676 x 10?" kg 
Planck’s constant =6'622 x 10-4 joule second. 


1 1 
Sol. We have, E= 1 mi- m eter: ; 
A h 
=4/2mE . But P= 7: 
IME, A= aes 
2mE, OT 
TM y2mE 
6622x 10 
or oS SSS F 
"676 x 107 x 1°6 x 107 
vee (Grd ees 1 eV=16x 10-8 joule) 
. 10 
or a= 12857 x 105 m i 10-0 m=1 angstrom (A°)] 
Ee i Ans. 


a= '2857 A9; z 
Ex. 2. Calculate energy in electron volt of a photon of wavelengt 


6000 A.U. 
WAR e=1'6x 107 C 
h=6'°63 x 10-* Js 
c=3X 108 ms”. 
Sol, We have, E=Ay where E=energy, 
and v= frequency of light wave. 


h=Planck’s constant 


i =hy/n. 
We have also, ee ane pe en 
me py ee C LAU =10-® m) 


663 x 10M x3 X 10% _ 3.31 x 10-19 joule 
ale tots Sr | A 
6000 x 10-* 
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3 ER 1 eV=1:6x10-!? J} 
i ae Ans. 


Ex. 3. A photoelectric surface has work function 2eV. What is 
the maximum velocity of the photoelectrons ejected by a light of 
wavelength 3000 A.U.? Also calculate stopping potential of the 
electrons. 


(h=6:6 x 10-*4 Js; e=1°6 x 10-1°C; mass of electron=9 x 10-*! kg.) 
Sol. Energy of incident photon=hv= ee Ceo WA=e) 


_ 66X10 x3 x 108 
3000 x 10710 
=676X 10-2 J. 
Work function=2 eV=2 1°6 x 10-% = 3°2 x 10- J 
(1 eV=1°6 x 10-#9 J). 
The difference appears as kinetic energy of electrons. 
Kinetic energy of electrons =6°6 x 10-1 — 3-2 x 10-* 
=3-4x 107" J = 4m? 
7~ dx 109 
= TEREI =8:7x 10° ms“. Ans.. 


Let V =stopping potential. 
Then, KE. =eV, 


or 


* -19 
or y-EE oe =2'12 volt. Ans. 
Ex. 4. One gramme of a radioactive substance (A=39) takes 

50 seconds to lose 1 centigram. Find (i) disintegration. constant, 

(ii) half life, (iii) average life, (iv) activity in the beginning. (Avogadro's: 

number = 6 x 10° mol.) 

Sol. We have, N=N,e7™. Mass is proportional to number of 
atoms. 
an W=Wye™. 

Here W =1 gm, W=1 gm—1cgm 

=1 gm—‘01 gm='99 gm. 
100 


99=1 e50, or a= 99 
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id Of ts 2ss19q0 9du? yateX nA T 


ninos s atima bas ioy al 
or 1s14 ololgo!6%0 ree ie dignslovaw tzotore diiw mau99q2 
= \ .enA) 99 

Ps 1038) gainmueeA ip olid 0% 18 29181990 adut yst-X 2A 8 
ceases ge IZ -i9901 ai znova913 10 
99 Jbooubo1q 

‘ + ypiwalsoiodt 

or Pel 23x 0044 _. hg Qin 

; Tg [g@ra mib 0208, Sanu? grow ort atsluolsD .© 

U.A 0030 zi digaslavsw 


(at Ol xedd =N) 


Half life — 932 _ “693 3 
ATETEA TE a a 


` 
tot dignalavsw blodesid? sitaslsotoda oiT OF 


Average life= i= li partar @sisad orog}orloororla ardi to ygtons ont 
bs *000206::-01 xd D=1nst2n02 etfonslT) .molzgaut NO 


ło 3dgil jsloiv-stiu to %81 AGRE 


ey, 
Activity = Na OX108 ‘BOCHGcccgisngi a 
x= ironta (CH gitsism 
39 37X10- SEa bE „2noyi2919 
tym 422U : wiki} 


fo—va= 


EXERCISES; blorzoutt off! sistuolsO ST 
al #01 x0°0 =A) .Vo8l 


an clecizan hich Aelsadheoveh a 


b 6 Dees the de Broglie wavelength of 

D. volt, (h=6°62X 10 T— Js, e=1'6x10-* Gaghan ALIS ben 
so (Ans deg sux OTi) 

2. Calculate the wavelength associated with an electron of energy 1909-e) 
(h=6-62 10- Js; 1 eV=1-6x10-* joule) nig Sh: BAAD 
3. Calculate the energy of a photon of wavelength 5500 A.Uwo14 ot obons afli 
(h=6'62x 10- Js). giiupot Isi10904 
he (Ans_.2:2562V) 


[Hint : E=hy and yvA=c3 + © 
4. What voltage should be e ray tube to produce elec- 
trons of wavelength -4 A° ? What would be the speed of these electrons? ` 
(Charge of electron=1°6x 10°C; mass of electron=9x 10-1 kg and 
Planck's constant=6'62X 10-™ Js) (ans. 951°3 V; 1°84x 10" a 
5. An X-ray tube operates at 50 kilovolt. Find the shortest wavelength of 
X-rays produced. 
(h=662 x 10-* Js; Velocity of light=3 x 10° ms?) 


applied to a cathod 


[Hint : dain oe (Ans, 248 A°) 
Ve 

current through itis 2 mA. 

ctrons striking the target 

and (d) the lower 


0 volts and the 
mber of ele 


6. A X-ray tube operates at 30,00 
hey hit the target, 


Calculate (a) power of the tube, (b) the nu) 
per second, (c) velocity of electrons se t 
wavelength limit of the x-rays emitted. 

i tans. (a) 60 watts (P) 1.251038; (c) 10° mss @) 41X1 


0-13 m} 
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7. An X-ray tube operates at 30 kilo volt and emits a continuous X-ray 
spectrum with shortest wavelength limit ‘414 A.U. Calculate Planck’s constant. 
(Ans. h=6'624 x 10-*4 Js) 

8. An X-ray tube operates at 50 kilo volt. Assuming that only 10% of energy 

of electrons is converted into X-ray radiations calculate the wavelength of X-rays 


produced. (Ans. 2°48 A.U.) 
Photoelectricity : 


9. Calculate the work function of sodium metal given} that the threshold 
wavelength is 6800 A.U. (h=6°625 X 1072: Js) 


do 
10. The photoelectric threshold wavelength for tungsten is 2300 A.U. Find 
the energy of the photoelectrons emitted when light of waveleagth 1800 A° falls 
on tungsten. (Planck’s constant=6'6 X 10-*4 Js) (Ans, 2°39 x 10-29 J) 
11. A ray of ultra-violet light of wavelength 3000 A° falls on the surface of a 
material whose work function is 2:28 eV. Calculate the velocity of the fastest 
electrons. ` (h=6-62X 10-* Js, m=9'1 x 10-*! kg) l 
[Hint : Use $ my*=hv—o] 


[Hint : p=hv, and yAy»=c; ote] (Ans. 1'827 eV) 


(Ans. 8:1 10° ms~?) 
12. Calculate the threshold frequency of a metal whose work function is 
1:8 eV. (h=6:0x 10734 Js) (Ans. 48X 10% hertz) 
13. A photon of wavelength 3000 A9 falls on the cathode of a photoelectric 
tube. Calculate the stopping potential of electrons emitted if the threshold wave- 
length of the material of cathode is 6000A°. 
(h=6 0 x 10-34 Js, e=1:6X 1071 C and c=3 x 108 ms) 
[Hint : Stopping potential is the negative potential required to be applied on 


the anode to prevent even the fastest electrons to reach anode i.e. in other words 
potential required to reduce photoelectric current to zero. 


Lie BY (ab) UA 
Use zm =Hv—v)=he( 4 he =Ve 


hef aie! j 
K AOE | (Ans. 1°875 volts) 


14. A photon of wavelength 3300 A falls on the cathode of a photoelectric 
tube and electrons of energy 310-19 J are ejected. If the wavelength of the 
incident light is changed to 5000 A9 the energy of ejected electrons decreases to 
+972< 10-19 joule. Calculate Planck’s constant and the threshold wavelength of 

O 
the material of cathode. (Ans. 6 6X 10-34 Js; 6640 A) 
Radioactivity : 


15. One gram of radium is reduced by %1 mgm in 5 years. Calculate half- 
life period of radium. (Ans. 1649 years) 
16. If 1 gm of radium emits 3:7 X 107? particles per second, find the half-life 
period and average life of radium. (Atomic weight of radium= 226; Avogadro’s 
number=6 025 1023 mol-1) (Ans, 1584 years; 2285 years) 


li 
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17. The half life of the radioactive radon is 3°8 days. Calculate the time at 
the end of which 1/20th of the radon sample will remain undecayed. 
(logise = *4343) (LLT. 1981) 
(Ans. 164 days) 

18. A a-particle of 5 MeV is scattered through 180° by a fixed uranium 
nucleus. Calculate the distance of closest approach. (LIT. 1981) 
(Ans. 1°35 10-38 m) 

tion decreases 2°5 times after 7 days. 
Find its half life. (Ans. 5-3 days) 
20. At the initial moment the activity ofa certain radionucleide totalled 650 
particles per minute. What will be the activity of the preparation after half its 
half-life period ? (Ans. 460 per minute) 
21. A U*® preparation of mass 1 gm emits 1:24 104 a-Particles per second, 


Find the half-life of this nucleide and activity of the preparation. 
(Ans. 3°35 10-7 Ci; 45x 10° years) 


19. The activity of a certain Preparal 


ooo 


CHAPTER 4 


. MASS ENERGY EQUIVALENCE : NUCLEAR 
FISSION AND FUSION 


1. Mass Energy equivalence: Albert Einstein showed in his famous 
theory of relativity that mass of a system may change (an idea con- 
tradictory to what we are told in the beginning) and that mass and 
energy are equivalent to each other. A mass ‘m’ is equivalent to 
energy E given by 

E=mc joule (J). RAN ODA 

The well known principle of conservation of energy is to be 
modified and tread as “the total energy of a system (mass also being 
considered as energy) remains constant in any process”, 


2. Atomic mass unit (a. m. u.): In atomic physics the masses 
involved are very small and so we adopt a different unit of mass. 
This unit is 7, of ¿C1? atom. This is called atomic mass unit 

la. m. u.=1'66 x 10727 kg. 

The masses of all atoms are measured in atomic mass units. On 
this scale mass of a proton is 1:00758, that of neutron is 100893 and 
that of electron is ‘00055. 

Applying Einstein’s formula E=me?, we find that 1 a.m. u. 
corresponds to 931 Mev. 


less than the sum of masses of the constituent nucleons (protons and 
neutrons). This means that certain mass disappears in the process 
of formation of the atom which is converted into energy. This 
energy is called Binding energy of the atom and the difference in 
mass is called Mass defect of the atom. | 


Thus, Binding energy of an atom = mc? joule NDC), | 


3. Binding energy : The mass of nucleus of an atom is always | 


where am is the mass defect of the atom. 

4. Nuclear fission : In 1939 Otto Hahn bombarded uranium-238 
with fast moving neutrons and found that it splits into two nearly 
equal parts with release of huge energy. This phenomenon of splitting 
of heavy nucleus into two nearly equal parts with release of conside- 
rable energy is known as Nuclear fission. 
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5, Nuclear fusion: When two light elements are brought together 
at very high temperature they fuse into a single heavier element with 
release of huge energy. This process is known as Nuclear fusion 
e.g. »H? +H? = He +4 Mev. 

In any nuclear reactions three conserva- 
fied— (i) conservation of mass number, 
ber and (iii) conservation of atomic 


6. Conservation Laws : 
tion rules must always be satis 
(ii) conservation of atomic num 


mass units. 
EXAMPLES 


Ex. 1. Calculate the binding energy of helium nucleus (He) and 


express the quantity in Mey and joule. 


Mass of helium nucleus =4'0028 a. m. u. 
Mass of proton= 1:00758 a. m. u. 
Mass of neutron = 1:00897 a. m. u. 
ons and 2 neutrons. 


Sol. In ,He* nucleus there are two prot 
Mass of 2 neutrons and 2 protons=2 x 1:00897+2X 1:00758- 
—4-03310 a. m. u. 


Mass of helium nucleus = 4700280 
Mass defect of helium nucleus= 20303. 


The energy that is required to split a nucleus is called Leip 
energy and this is exactly equal to energy required to ‘orm the 


nucleus. 
mp. u.=931 MeV. 


la. 

f helium nucleus = 931 x 
eV=1'6x 10-39 joule 
10-35 joule. 


0303 =28:2 MeV. 
Binding energy 0 0303=28'2 Me 
1 


1 MeV= 1:6X 
298° 
oule A A a: 


the nuclear reaction and calculate the energy 


Binding energy inj 


Ex. 2. Complete 
released. 
aLi +H ji (proton) AAN „He+ o 
tom=701822 a. M. u. 
1:00812 a. m. u- 


400390 a. m. u. 
2=802634 a. m- u 


(8-00780-+ 0); 


given that mass of lithium 4 
mass of proton = 


mass of & particle= 
Sol. Mass on f- h < = 7-018224 10081 


mass on l. h. ș. = (2x 400390 + Q) a. m. w= 
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8:02634 = 8:00780+ Q 


or Q ='01854 a. m. u.='01854x 931 Mev 


(. tanm. u.=931 Mev) 
Ans. 

Ex. 3. Calculate how much coal is equivalent to 1 kg of U?, 
Given that 200 Mev is released per fission process and 8000 kcalorie 


is released as heat of combustion of 1 kg of coal. Avogadro’s number 
=6'1 x10 kg mol-. 


=1726 Mev. 


Sol. Let M kg of coal be equivalent to 1 kg of U235, 
235 kg of uranium contain 6'1 x 1028 atoms; 


6:1 x 1076 
Likes rut » — . 
8, 735 atoms 


Energy released by fission of 1 kg of uranium 


= ae x200 Mev, 


Now, energy released by M kg of coal 
=8000 x 103x M cal. 
=8 x10 Mx42] (s 


_8x10°x 4-2 
“T6x 1015 


1 calorie=4°2 joule) 


Mev 


(~ 1 Mev=1°6x 10-8 J) 


61X10 0 8x108% 42M 
DELS AC earn o> 10-8 


6:1 10? x 200 1:6x 10-614 
M = NE Orn Ui LN A OO 108 
ii 235X 8% 10x42 35x40 * 


=2°473 x 10° kg. Ans. 
EXERCISES 


1, Calculate the binding energy of the lithium atom {,Li’) from the follow- 
ing data : 

mass of proton=1:00759 a.m.u, 

mass of neutron=1-00898 a, m. u. 
mass of electron=:00055 a. m. u. 

mass of lithium atom=7:01818 a. m. u. (Ans. 39:3 Mev) 

2. Find the minimum energy that a y-ray must have to give rise to an elec- 
tron-Positron pair, 
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mass of electron='00055 a. m. u. 

SEUSS positron='00055 a. m. u. (Ans. 1-024 mev} 
3. Calculate the energy released by fission of 1 gm of pU? assuming that 
an energy of 200 Mev is released by fission of each atom of U*, (Avogadro’s 
number =6'023 x 1028 kg mol-*.) (Ans. 5+1 x 10°% Mev) 
4. A reactor develops nuclear energy at the rate of 3X 10* kilowatt (kW). 
How many atoms of U? undergo fission per séc ? How much U-235 is burnt in 

1000 hours of operation ? 
(Assume that 200 Mev is released per fission an 


X102 per kg mole) 

5. Calculate the amount of energy set free by the annihilation of an electron 
and a positron, Given that mass of the electron="00055 a, m. u. and positron 
='00055 a. m. u. (Ans. 1:0241 Mev) 

6. Complete the following nuclear reactions : 

(i) >N'4-Het>,0 +14" 
(ii) Mg**+-,Het> Al? 
(iii) sLit-n+He'+.H?. 
[Ans. (i) N+ Het>0" +H", 


d Avogadro’s number 6'023 
(Ans. 9-375 x10"; 1'317 kg) 


Gi) asMe*+ Hen Al" iH", 
Gii) Liton’, Het+ +H} 
7. Calculate the energy released in kilowatt hour when 100 gm of Li? are 
converted into ,He* by proton bombardment. Mass of aLi =7°0183 ee 
mass of ,He'=4 0040 a. m. u.; mass of proton U ey he Write ale es 
. sLi?-+y,H* proton)+A,47e energy released), 
nuclear reaction. [Ans. sLi7+1H* ( *” 554% 108 kilowatt hour] 
8. Calculate the energy released. in the nuclear fusion of isotopes of hydrogen 
(i) (Ht HH +o 

(ii) H+, HHen 
Given that mass of neutron= 1°00867 a. m. U. 

mass of „H?=2:01410 a. m. u. 

mass of 1H =3-01605 a. m. u. 

f „H3=301603 a, m. U. 

= 400260 a’ m. u 
tans, (i) 3° 


mass 0 


mass of Het 26 Mev, (ii) 17°6 Mev] 


000 


REVISION EXAMPLES I 


1. A capacitor of capacitance C is first charged with Q units of charge and 
then it is connected to another uncharged capacitor of capacitance c and 
subsequently disconnected. The latter is completely discharged by short. 
circuiting its plates and then again connected to the first capacitor. The 
process is repeated z times. Show that the first capacitor can never be fully dis- 
charged by the above process. Why ? What is the charge left after n discharges ? 


| Ans. on=( 6. x o| 


2. A capacitor of capacitance C, is charged to a potential difference of Vy. 
It is then connected across the combination of two capacitors C, andC; in series. 


Calculate the charge on C}, C, and C;. 


COLO HOAG A ACEH OC: 


3. The minimum deviation of a certain glass prism (u=1:5) is equal to its 
refracting angle. Find the latter, (Ans. 83°) 
4. A parallel plate capacitor of capacitance 10 uF is connected to a battery 
ofe.m.f. 30 V. A dielectric plate (€r=5) is introduced between plates so as to 
occupy the entire space between them without disconnecting the battery. 
Calculate (a) the extra energy drawn from the battery and (b) the extra energy 
stored in the capacitor. 
(Hint : Extra energy drawn from the battery=e.Ag joule and extra 
energy of the capacitor=E;— Ei.) 
(Ans. 36 10— joule, 18 x 10— joule) 
5. Two point charges each of -1 pC are placed 10 cm apart. An electron is 
projected at right angles to the line joining the two charges from the mid-point 
with velocity 10° ms-1, How far along this line will it go ? 
(Hint : Consider conservation of energy.) (Ans. 22 cm) 
6. A tube bent twice at right angles at two point ‘I’ distance apart is held 
vertically and is filled with a liquid up to a certain height in the vertical arms. 
Calculate the difference in levels if, (a) the tube has an acceleration ‘a’ towards 
the right and (b) if the tube is mounted on a horizontal turn-table rotating with 
an angular velocity ‘œ’ with one of the vertical arms as the axis of rotation. 
Assume diameter of the tube small in comparison to ‘P. 
(Hint: Apply D’Alembert’s Principle and consider equilibrium of the 
horizontal portion of the tube.) (Ans. a I/g; w°l?/2g) 
7. A brass rod ia=18 x 10-* K-*) has projections right angles at the ends, 
Another rod of some other material just fits in the space between the projections 
at0°C. What is the stress produced in the rod when the system is heated to 
1000C? Consider two cases (a) when the coefficient of expansion and Young’s 
modulus are 29 10-* K-? and 18X 10° Nor 2, (b) 12x 10-® K-t and 2:06 10" 
Nm- respectively. 
[Ans. 198 10° Nm~? (compressive), 1236105 Nm-* (tensile)] 
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silt’ 8. Two small discs of ‘masses m, sag m, interconnected by)a weightless 
ring rest onasmooth horizontal plane. The discs are set in motion with 
der Pirelocities y, and y, whose directions are at right angles to each other and 
liein the same horizontal plane. Find the total energy of this system in the 
Mnie OPTI centre of mass. m,m ere 
{ thr [Ans. E= (m4m) (vi? +”2°)] 
YANS > > 
(m,+m,) Y van ene Ya; 
oni off otsluolsO M 
a'gnuoY ..0 O) p9 noij992-22019 


[e D\Ho ATR L, 


> el Pag gai 
E=4m,| V om—Vq PHEN |V cm— V2 Pa 


{9.14 rod of mass m,rests on a wedge of mass mM, (Fig. A). Guides allo 
themod tb move inly in the vara direction and the wedge in the horizontal 
afir H99 N inaha annist aie M 

2 ERR a of nee ode 
ree Frict aie ang tH Bit SNS sg & 


Mith the eho je AS R'avitslor av9912 is A 


mg sin?a. 
2m m, sinta Fm, cost” 
aii tad) oz ənsiq [goiitey s ni egaiwe bso 
(supe o1s appilizod aS 1CHse. bgs\oouivod oft. 
(E? aA) m, Sin?a-- mM COSA Jiz0q 9191)x9 i 


Fig. A 


Moilsielesog Isibsi=y» SAW ere 


10. A block is held jin contact sek de he ‘vertical wall of a carriage by 
spit g i agar wa ie ta ie thumb. Now the thumb is 
SrQHbVEd dhid the VArt ia! ae OF tig with acceleration ‘a’. Calculate 
tHe Hecbferates ii fthat t is 5 eal We the p is the coefficient of 
rage Be hee iNo aunk BE alle 


k ae -‘Apply,) D’ Alembert’s sh a 
he block.] 


dr ae a free-body diagram of 
(Ans. a=g/\) 


Slee light string to 


acuta surface of a carriage of 
ci isto be pulled so that the 


ake free body diagrams of the 
[Ans, F=(m +m, +m) m,glm] 


mass m,. Calculate the : 
two blocks may remai i 

[int : Apply D:Alembert’s princi 
three bodies.] 


4 Qis tapped at two points dividing 
ings are connected to a cell. Calculate 
(Ans. Zero) 


12. A circular conductor of resistanci 
the conductor in the ratio 1:3. Th 
the magnetic field at the centre of the Col a 

F; 
lengths / and aye omne s modulus Y and Y’ an 
a af-aespectively ate hekk inx betweem i Bwousthassive 

vertical walls. The temperature of the nodscis sinforeased by 1 Tvd:Calculatë the 
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thrust exerted by the rods on each other assuming that there is no bending of the 
rods and there is no change in the area of cross-section of the rods. The rods 
are of equal area of cross-section ‘A’. 
[Hint : I+-1'=1,+1,' where |, and 7,’ are the final lengths. Final length 
of a rod=initial length+ thermal expansion—elastic compression J 
_ ATYY'(la+l'a’) 
| ans F: SY 
14. A tapering rod of length Zis stretched by F. Calculate the increase in 
length of the rod if it tapers from an area of cross-section a, to ay. Young’s 


modulus of the rod is Y. FI 
Ans, 
( YV 0,04 ) 


15. A smooth uniform rod AB of mass M and length / rotates freely with 
an angular velocity œ in horizontal plane about a stationary vertical axis passing 
through its end A. A small sleeve of mass m starts sliding along the rod from 
the point A. Find the velocity y’ of the sleeve relative to the rod at the moment 
it reaches its other end B. 


(ass. v=— 2L) 
7m, 
EE 


16. A ball suspended by a fthread swings in a vertical plane so that its 
acceleration values in the extreme positions and the lowest positions are equal. 
Find the thread deflection at the extreme positions. (Ans. 530) 


[Hint : Acceleration at any point= ya,’ +a: where a, =radial acceleration 
and a¿=tangential acceleration.] 

17. A small body of mass m tied to an inextensible thread moves over a 
smooth horizontal table. The other end of the thread is being drawn through a 
hole O in the table with a constant velocity (Fig. B). Find the tension of the 
string as a function of the distance r between the body and the hole if at r=ry 
the angular velocity of the body is equal to a. napa 

(Ans. rezan) 


Fig. B 


[Hint : Since the external force has no moment about O, angular momentum 
of the body about the point O is conserved.] 


N 
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18. Three cells of emfs e,, €s», €, and internal resistances r, Fe r, respec- 
tively are connected in Parallel. Calculate the P.D. of the cells. 


Pe Te ees rt) 
Pye tll thst 


19. A horizontal tube of cross-section A has a bend of 9° with the vertical. 
A liquid of density p flows through it with speed p. Calculate the force needed 
to hold the tube in position. {Ans. +/2Apy (sin0/2—cos0/2)} 

20. A light rod is suspended horizontally by three identical spring 
balances (x, x, x), each of weight 4kg. Below it a second light rod is suspended 
horizontally by two identical spring balances (y, y) and finally a load of 4 kg is 
hung from this lower rod. Find the readings of x and y- 


{Hint : Draw free-body diagrams of the two rods.} 
21. Calculate the resistance of a tapering wire of length / and end sections 


(Ans. 1:6 kg, 2 kg) 


a, and dy. 
[Hint : Consider a section of the wire at a distance x from the apex of the 


wire and calculate the resistance of an elementary length and integrate.) 


(As. R=p— Si 
V Oita 


22. A 100-watt sodium vapour lamp radiates uniformly in all directions. 
(a) At what distance from the lamp will the average density of photons be 
10’m- ? (b) What is the average density of Photons 2m from the lamp ? 
Assume the light to be monochromatic, with 4 =5890 A. 3 

[Hint : intensity of the light=De, where D is the density ofenergy and c is 


the speed of the light wave. Energy of a photon=Ay.] 
(Ans. 314 m, 248 x 104 m~?) 


23. Show that when a monatomic ideal gas absorbs AQ heat at a constant 
pressure, AQ: AU: AW=5:3:2. 
[Hint : \Q=CpAT; AU=CoAT; AW=pAV) 
24. A pole extends 2 m above the bottom of a Sm hee eee 
above the water. Sunlight is incident at 45°. What is the length ee Es i Hs sf ; 
Of the pole on the bottom of the pool ? (u=4/3) 21 A ; What 
25. The carth has a magnetic dipole moment of Sra Par earth 
current would have to be set up ima single turn of wire hak ? (Radius of the 
at its magnetic equator if we wished to set up such a dipoto (Ans. 5X 107 m) 
earth=6400 km) f 
Da vered by 
25. In a biprism experiment the two halves s ag tafe 1-4 and 
two glass plates of the same thickness but of different re e 


‘ i aximum fell before 
17, The point on the sereen yas ra ean bright fringe. Find the thickaes 


plates were inserted is now occupied by the fi (Ans. 8x 10~* m) 


o 
of th ss .  (1=4800 A) s 
©. glass. p ASS of two metal spheres of the same radius, 


27. Show that the capacitance Of : ere. 
when far apart, is one-half the capacitance on isolated sph! as 
[Hint : Consider the two spheres as the two conductors 0 


mming pool and “5 m 


N. E. p.-37 
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28. An iron wire (diameter 1 mm, length 10 cm) is placed in an evacuated 
chamber. Calculate the equilibrium temperature of the wire if it carries a 
current of 10 A. (Stefan’s constant (c) =5°67x 10-* Wm-* K-4 and resistivity 
of iron=10x 10-8 Qm). Take the temperature of the chamber walls to be 
270C. 

[Hint : R (vadiancy i.e. energy radiated from unit area of a black body 
surface in unit time)=o (T!—T,*), where T, is the temperature of the surround- 
ings.) (Ans. 258°C) 

29. In one branch AB of a complicated circuit there isa resistor of 2 Q and 
a box concealing a battery of 8 Q resistance. If the power absorption in the 
branch be 50 watt and the current through the branch is 1 ampere from A to B, 
(a) what is the potential difference, (b) what is the em.f. of the battery, and 
(c) what is its polarity ? (Ans. 50 V, 40 V, + to A and — to B) 

30. Find the frequency of small oscillations of a thin uniform vertical rod 
of mass m and length / hinged at the point O (Fig. C). The force constant of 
either spring isk. The masses of the springs are negligible. 


[0] | im : t (torque about O)=—2k Ix—mg z] 


KEN TER (i 4kl ] 


(Fig. C) 


31. A simple bar magnet of magnetic moment ‘m and mass ‘w’ is 
suspended by a string from its south pole. Ifa uniform magnetic field ‘B’ 
directed parallel to the ceiling from which it is suspended is established, show 
the resulting orientation of the string and the magnet. 

(Ans. The string will remain vertical as before but the magnet will make 


an angle tan! wd where 21 is the length of the magnet) 


32. A particle of charge +Q is assumed to have a fixed position at a point 
P. A second particle of mass ‘m’ and charge ‘—q’ moves at a constant speed in a 
circle of radius ‘r,’ centred at P. Find the work done by an external agent on 
the second particle in order to increase the radius of the circle of motion, 
centred at P, to ra. 

[Hint : Apply ‘Work-Energy’ theorem, i.e., Work done=change in kinetic 


energy.] Cane 2 


(/ry— 1ra] 


33. An electron is accelerated through a potential cae ‘of 1000 volts 
and directed into a region between two Parallel plates separated by ‘02 m with a 
voltage difference of 100 volts between them. If the electron enters moving 
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perpendicular to the electric field between the plates, what magnetic field is 
necessary perpendicular to both the electron path and the electric field so that 
electron travels in a straight line ? 

[Hint : Fm=Bev and Fe=eE=e x Vid.) (Ans. 2°7x 10— T) 

34. Two identical conducting spheres of radius -15 m are separated by 10 m 
from centre to centre. What is the charge on each sphere if the potential of one 
is +1500 volts and if the other is — 1500 volts ? 

(Ans. +2°5x 10-8 C and —2'5 x 10-* C) 

35. Dimensionally S; (distance described in ¢? second)=u+} a(2t—1) 
seems to be incorrect, In fact this is a correct relation. Can you explain the 
flaw ? 

36. A plank of mass m, with a bar of mass m, placed on it lies on a horizontal 
plane surface. A horizontal force growing with 


time as F=at (a is constant) is applied to the bar. ig Feat 
Find how the accelerations f, and f, of the plank 
and the bar respectively depend on time t, if 

Fig. D 


coefficient of friction between the bar and the 
plank is p. Draw the approximate plots of these dependences. 

at _ um, (ty Fs) 
(Ans. f Sar when t<fo má 


mı +m 
umg _ at- pmg 
and when t>to ei and {i= tet, 


yolt-second, (c) coulomb- 
the following items in the 
joule watt, 


37. Each item (a) coulomb-ohm-metre/weber, (b) 
ampere/farad, (d) (henry X farad)? is equal to one of À 
following list : metre, ampere, second, kilogramme, PENTOR 


coulomb, volt, ohm, weber, henry, farad. Give the equalities. 
(Ans. metre, weber, watt, second) 


38. Show, by the method of dimensions, that the relation” E=Be gon 
the magnetic field B and the electric field E in an electromagnetic pn sia 
39. A particle moves in a plane under the action ofa nee se R are 
Perpendicular to the particles velocity and depends ah eH what value or 
certain point on the plane as I/r", where m1, A pista be steady ? 
Values of 1» will the motion SEES rina values of n from —1 to +1) 


5 egative. 
[Hint : For equilibrium of @ closed system its total energy must be neg J 


ooo 
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1. A particle of mass m moves in an elli 
=(k/r*), where r is the distance of the particle from the centre of the force. If 
. the distance of the particle from the centre of the force is ‘a’ at one extreme 

Position of the particle and its linear speed is /k/2ma, 
siderations and dynamics of angular momentum of the 
the particle at the other extreme position, 


(Hint, : Potential energy of the particle= —k/r. 
angular momentum and energy. 
angular momentum.) 


Ptical orbit under a central force 


“find from energy con- 
Particle the distance of 


Apply conservation of 
Remember that moment of momentum is also 
(Ans. a/3) 

2. Acircular coil is placed in the Magnetic meridian and a current is 
Passed through it so as to produce a magnetic field to the west. The compass 
needle placed at the centre of the coil is deflected through 20°, A short bar 
magnet of magnetic moment 1:2 Am? is placed to the east of the coil with its 
midpoint at a distance 10 cm and its axis at a bearing of 30° 


north of west. 
Calculate the deflection of the needle. Bearin=3'6 x 10- tesla. 


[Hint : Find restoring torque and deflecting torque and apply ‘tangent law’.] 
(Ans. 83°48’) 


3. A particle of mass mis attached to a point O by a string of length l. 


It is held at a point P distant / from O above the level through O at an angle 60° 
with the upward vertical. If the particle is released from rest at P, prove that 
when the particle is again at a distance / from O below the level through O the 
string exerts an impulsive force’ of impulse m,/Jgl, and that immediately after- 
wards the tension becomes 2me. 

(Hint : Consider conservation of angular momentum of the Particle about 
O to find the speed immediately afterwards, remembering that moment of 
momentum is also angular momentum.] 

4. A motor cyclist moves in a S-bend at aC 
radius of curvature of the first bend is 250 m -a 
400 m. Calculate the change in acceleration o 


onstant speed of 60 kph. The 
ind that of the second bend is 
f the cyclist. 

[Hint : Remember that acceleration is a vector quantity. ] 


(Ans. 1°17 ms-*) 


ass 2m connected by a light 
cylindrical surface in a Plane perpendi- 


5. Two bodies A of mass m and B of m 
inextensible string are placed on a smooth 


cular to the axis of the cylinder. Initially the radius at A is horizontal and that 
at B is inclined to the upward vertical by tan~! 8. Show that B leaves the surface 
when each radius describes 9 given by 28 cos g—11 sin 0=16. 

6. A point performs harmonic oscillations alon, 
period T'and amplitude a. Find the mean v 
time interval during which it travels a dista 
Position, (ii) the equilibrium position. 


g a straight line with a 
elocity of the point averaged over the 
nce av 2, starting from (i) the extreme 


(ans. (i) v= 20 3 (ii) y= #) 
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7. A circuit shown in Fig. E has resistances R,=20Q and R,=30 Q. At 
what value of the resistance S connected in R; 
parallel] to R, will the thermal power A 
absorbed by S be independent of small 
variations in S itself ? The voltage between Rp 
the points A and B is a constant. 


BR 9) g 


Ans. S= 
; Rit Ra 


Fig. E 


8. Two bars of masses m, and m, connected by a non-deformed light 
spring rest on a horizontal plane. The coefficient of friction between the bars and 
the surface js equal to k. What minimum constant force has to be applied in the 
horizontal direction to the bar of mass m, in order to shift the other bar ? 


r e] 


[Hint:The force needed is minimum. when m, is pulled slowly not to 
create any velocity. Apply ‘work-energy’ theorem. Remember that the change 
in kinetic energy of the system is Zero.] 


9. A motor. car’ is. travelling along a level! road with a constant 
speed V, the resistance to the motion being equivalent to a constant 
back pull ‘a’ kgf. The car then comes to a hill pee PER 
(including gravity) is ‘$’ kgf, and after the velocity K Si EEEE 
constant, the engine works at the same constant Ee sae ee 
If, while the velocity is varying, the tractive-pull alters SA etita 
distance from its first constant value’ to the next Ae eE ANTA constant 
the distance travelled along the hill before the velocity X 


M(a+b)V2 
gbe 


tezine : Ap ae ag initial and final constant value 
=} (a+b) g.x, taking the average of the initia 


e force e W i i i i This is 
of f hile the velocity is varying. A 
I as the constant forc y r Aa 
TRE: because the force changes uniformly with distance from its m al 


constant value to its final constant yalue.} 


is 
The work done by the engine 


2 is fixed at one 
and ‘modulus’ mg 1S 
10. A ee unstretched lenei a the other end. It is stretched by 


ma d ed bs 
The ra peg et pors a Rae maximum velocity of niai < 
ed. spe ene 
ae me ns sig e u is the coefficient of friction between the body 
—p) y gl, where p 
table. 
(Hint: The force called 
change in length and inve 


alled modulus of th 


is proportional to the 


i in a spring t 
ialo i its natural length, i.e. 


rsely proportional to 
e spring. If x is the instanta- 
AA! This% is c i 


582 NUMERICAL EXAMPLES IN PHYSICS 


neous displacement of the body from the point where it is released, then 
equation of motion of the body is 

dv 

dt” 


11. A particle inside and at the lowest point O of a fixed smooth 


a (l—x)—u mg=m 


spherical cavity is projected horizontally with speed /4ga. Find the height 

of the point above Oat which the particle leaves the surface of the cavity. 
(Hint: Apply dynamics of circular motion and conservation of 

energy.] (Ans. 5a/3) 


12. A vessel contains helium, which expands at a constant pressure 
when 15 kJ of heat is supplied to it. What will be the variation of the internal 
energy of the gas ? What is the work performed in the expansion ? Assume 


the gas to be ideal (y=§). (Ans. 9 kJ; 6 kJ) 
{Hint: AQ=AU+AW. For an ideal gas, AU=CyAT, AQ=CpAT. 
AU GAL 
BO Coa ye 


13. Show that rate of dissipation of joule heat per unit volume of a 
conductor is jE where j is the current density and-£ is the electric field. 
Assume that j and Æ are in the same direction. 


14. A ball is suspended by a thread of length / at the point O of an inclined 
wall making a small angle a with the vertical. 
The ballis deviated through a small angle B 


0 (8 >a) and released. Assuming the collision of 
the ball against the wall to be perfectly 
elastic, find the oscillation period of such a 
he i pendulum. 
i (ans 2/4 E --sin-? — 3) 
l 
{ 
I 
Fig. F 


15. A body is thrown up a rough inclined plane with kinetic energy E. 
Show that the work done against frictional force when the body comes to rest is 
uE cosa 
sina- pcosa 
plane to the horizontal. 


[Hint : Apply work-energy theorem.] 


where p is the coefficient of friction and a is the inclination of the 


16. A particle which moves in a straight line and is acted on by a 
variable force which works at a constant rate, changes its velocity from u to 


y in passing over a distance x. Prove that the time taken is 30" sad 


2 


Wee ae 
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[Hint : Work done=P f dt=Pt=4m(v?—u), by work-energy theorem. 


2, 
Also P=F. y=m. dy/dt. yey or Pdx=my*dy. 


y 
f Pdx={ mv?dy.] 
u 


17. A particle executes simple harmonic motion of period 7'5 S- The 
velocity at a point P 1 m away from the centre of motion is 2 ms~?. Find the 
amplitude of the oscillation. {f the particle is passing through P and moving 
away from the centre of oscillation, find the time elapses before the particle next 


passes through P. 
[Hint : Take the help of the generating circle.) (Ans. 2°6 m, 2:8 s) 
18. If Pm is the minimum force to move a body up a rough inclined 

plane, show that the least force parallel to the plane required to move the body 


up the same plane is Pmy 1+p*. 
[Hint : First show that Pm=™mg sin (a-++A); 


} 19. A bead of mass m is threaded on a smoot! 
is held in a vertical plane. The bead is released from one end of a horizontal 
diameter of the wire. Find the reaction of the wire when the bead is vertically 
(Ans. 37mg) 
O by an inextensible 


below the centre of the wire. 
20. A heavy particle hangs from y $ : 
string of length J. When the particle is ve is projected hori- 


zontally with speed oj Les Calculate the angle thr 


turned before it becomes slack. 
_ 21. A particle is projected horizontally with a speed 
inner surface of a hollow right circular cone Placed with its axi 
vertex downwards. If the particle describes a horizontal circle, 


height of the circle above the vertex is v*/g- 

22. A circular cone of semi-vertical angle % is fixed with its axis vertical 
and its vertex upward. An inextensible string of length 7 is attached at one 
end to the vertex and at the other end a particle of mass m resting on the smooth 
external surface of the cone- The particle then revolves with uniform angular 

: ; 2 g 

horizontal circle in contact of the cone. Show that o*< oa 
[Ans. m(g cosa+ lo? sin?a)) 
t string (which is inelastic and of 
horizontal circle of radius n} with 


ly stopped and then let go. If 
ertical is equal 


where 2 is angle of friction.) 
h circular wire which 


a fixed point 
tically below Oit 


ough which the string has 


(Ans, 120°) 


y on the smooth 
s vertical and 
show that the 


velocity ‘w’ in a 


and find the tension in the string- 
23. A particle attached by 4 ligh 
length J) to a fixed point is describing @ 


uniform speed. The Pi w suddenly 
in the subsequent motion i hen the string becomes V 


to half its speed in the original motion, prove that 72=4V 3. 
24. At the moment t=0 the force F=at is applied to a small body of mass m 


resting a smooth plane at a constant angle a with the horizontal. Find (a) the 
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velocity of the mass at the moment of its breaking off the plane, (b) the distance 
traversed by the mass up to this moment. 


mg? cosa m?g? cosa \ 
Ans. y= e 3 s= f- <5 
2a sin’a 6a*sin’a. 


25. Prove that the ‘shortest time from rest to rest? in which a chain which 
can just bear’ a steady load of P kgf can lift a weight W kg through a vertical 


d } 2hP 
distance h is Jre 7 


[Hint : Move it with maximum acceleration upwards and then let the string 
be completely locse.} 
26. Three vertical walls are of height h, H, h, and are equal distances a 


apart. A ball is thrown in a vertical plane perpendicular to the walls so that it 
just clears all three tops. Show that the ball will strike the ground at a distance 


H 
af H—h from the middle wall. 


r a ysm O eer N a Eaa «oe : 
[Hint : H= 7 ory sing=/ 2gH, h=v singt jer. Eliminate sing 
& 


and proceed.] 


27. A particle is projected from a given point so as to pass over a wall 
of height h which is such that the top of the wall is at a distance r from the point 


of projection. Show that the least speed of projection is Vg(h-Er). 


[Hint : h=xtan@— 4gx2/v* cos*@, where x is the horizontal distance of the 
foot of the wall. Hence find v and apply the condition for minimum value of v. 


28. Projectiles are hurled at a horizontal distance R from the edge of 
a cliff of height h in such a way as to land a horizontal distance x from the 
bottom of the cliff. If you want x to be assmall as Possible, how would you 
adjust 0 and'y, assuming y can be varied from zero to some maximum ym and 
@ can be varied continuosly ? Only one collision with the ground is allowed. 


Vm 


fag ea Re 
(ans. o=} sin-? —*, 


29. A particle rests on the top of a hemisphere of radius R. Find 
the smallest velocity that must be imparted to the particle if it is to leave 


the hemisphere without sliding down it. (Ans. y gR) 


30. A flat car of mass m, starts moving to the right due to the action of 
a constant horizontal force F: Sand spillson to the car from a stationary 
hopper Placed a little above the car ata constant rate u kg/s. Find the velo- 
city and acceleration of the cart seconds after the process of loading starts. 
Assume that loading and pulling the car by the force starts simultaneously. 


` There is no friction. Fi 
Ans, y=“? a mE ] 


mtt’ “(m4 pt)? 
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31. Calculate the downward acceleration of the mass m, of the figure (Fig. G), 
assuming that the surface and pulleys are frictionless and pulleys are light. 


cca 4mm, Em (mM) 


[ 4m m+ m (mm) e] 


32. A convexo-concave lens of crown glass has the radii of curvature 


equal to 1 m and 12 cm. The lens is placed horizontally on a plane mirror 
and water is introduced between plane mirror and the lower surface of the 
ed with water. What is the power of this 
(Ans, +-0°8 D) 


lens and the concave surface is fill 
system ? p of glass=1"5 and of water=$- 
[Hint : Since light traverses twice, power is doubled.] 
33. A chain of length / is placed on @ smooth spherical surface of 
radius R with one of its ends fixed at the top of the sphere. What will be the 


tangential acceleration of each element of the chain when its upper end is 


released ? It is assumed that the length of the chain 1<4nR. 


Ans. a= Re (1005-4, | 


o at an angular distance 


[Hint : Consider an element of angular width d 
@ from the fixed end. The tangential component of the gravitational pull on 
the clement is (RdOm) g sind. Integrate from 0 to 4 where a is the angle 
subtended by the chain at the centre of the sphere. Now apply force=mas x acce- 


leration. 
Here the radial acceleration=0 as the body is just released. Hence 


tangential acceleration (at) i$ the total acceleration.] 
n a circle of radius R and the distance 


34. A particle of mass m moves i 
s described by it varies with time as s =at? where a 18 a constant, Calculate the 


force acting on the particle. ( Ans. F=2am y i ra) 


pos 
[Hint : F=ma and a= ar pai.) 
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35. Water from the main pipe of 

municipal water supply branches off 

y as shown in the figure H. If the dia- 
y meter of the pipe is 1 m and water 
current in the main pipe is of speed 


ES 10 ms~? and the currentis evenly 
45° J diverted, find the force exerted by 
f the bend on the stream. 
Y, [Hint : Thrust=rate of change of 
/ momentum.] (Ams. 1:06 10° N) 
Fig. H 


36. A string with one end fixed 
on a rigid wall, passing over a fixed 
frictionless pulley at a distance of 
2 m from the wall, has a point mass 
M=2 kg attached to it at a distance 
of 1m from the wall. A mass 
m=0°5 kg attached at the free end is 
held at rest so that the string is 
horizontal between the wall and the 
Pulley. What will be the speed with 
which the mass M will hit the wall 
when the mass m is released ? 

(I. I. T. 1985) 
Fig. 1 (Ans, 3:36 ms-!) 


37. A table of 15 kg can move without friction over a level floor. A block 
of mass 10 kg is placed on the 


|; table with string attached as 
4 ‘ 

l shown inthe figure (Fig. Jy: 
| The coefficient of friction 


between the table and block 

F is 6. What is the acceleration 

of the table if a constant force 

Fig. J 8 kgf is applied to the free 

end of the string ? Consider 

two cases : (i) the force directed horizontally, (ii) the force directed vertically 
upward. 


(Ans a=0,= 58, g to the lett) 


m00 


LORARITHMIC TABLES 


LOGARITHMS 


Mean Differences 


a 
17 21 25 22 33 37 


4811 151923 26 30 34 
3710 1417 21 24 26 31 


0000 0043 0086 0128 0170 021 


0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 
0792 0828 0864 0899 0934 0969 4004 1038 1072 1106 


12 
13 | 1139 1173 1206 1239 1271 1303 1395 1367 4399 1430 | 36 10 13 16 19 23 26 29 
42 | 1461 1492 1523 1553 1584 1614 1644 1673 4703 1732|36 9 1215 18 21 24 27 
$5 | 1761 1790 1818 1847 1875 1903 1931 1859 9987 2014) 36 8 111417 20 22 2 
16 2041 2068 2095 2122 2148 2175 2201 2227 2253 8278 35 8 111316 182124 
17 2041 pono 2358 2290 2405 2430 2455 2480 2508 2528 25 7 101215 17 20 2 
i | HS or a eo fe re RERE 
§ | 2788 2810 2833 
20 2798 2010 2056 9075 3096 3118 3199 3160 3181 3201 94 6 81113 151719 
2i | 3222 3263 3284 3304 3324 3345 3365 3385 3408 24 6 81012 141618 
22 3222 a243 aed 3483 3502 3522 3541 3560 3579 oaa 94 6 81012 14151 
23 Sor? 3038 3055 3074 3602 S711 3729 STA? Saze Sip AE 7 on Je sb 
24 2 3820 3838 3856 3374 3892 3909 41 
25 3802 3820 aed Soat 4048 4065 4082 4099 4116 4133 23 5 7 910 12141 
4 4249 4205 4281 4228/23 5 7 810 11 13 15 
i 4150 160 4188 4200 457% gaos gaps 4440 4455|23 5 6 9 9 11 13-14 
28 4314 4330 4508 Geta 4533 4548 4564 4579 454 02 23 5 Beers 12:14 
So |4524 4639 4654 4669 4683 4098 47:3 ama 4742 4757|13 4 67 9 10 12 13 
30 4524 4600 4854 4680 fazo acs 4857 4871 4886 4800| 15 4 679 
8 401412 
a1 | 4 4969 4983 4997 5011 5024 5058 134 67 
32 4914 4928 404a doop 5105 5119 5132 5145 5159 5172 13 4 5 7 3 ah 12 
33 Bas 5198 5211 5224 5237 5250 Soe] Fins 5416 5428 $346 6 6-8 91011 
3 5315 5928 S340 Sosa B490 6502 5614 5327 8849 5551 124 567 9101 
36 saa 5575 5587 5599 5611 5423 5635 5647 567S Ep 13 exet? tig 
37 5563 5575 5507 S977 Ergo 5740 5752 5703 E178 Baa 23 57 8910 
38 | 5798 5809 5821 5832 Bass 6 Sart Peep oio | 12 3 fey 3 910 
rr 5o11 3022 5033 Bofa Boot 6075 6085 6098 6107 6117 723 456 8 910 
423486 789 
as | e128 6138 6149 6160 6170 6180 6191 6201 6212 Bos RER EN 
42 Bae 6243 6253 6263 6274 6284 BEE 6405 6415 6425 153 456 789 
ae 6395 6045 6355 GR 0174 6404 6483 O03 Oaoa S018 ee eae apes 
5 | 6532 6542 6551 6561 CATA 6580 6590 6599 6609 £618 = 
emeemi2|12 3 45 6.7. 7 
gas 6656 6665 6575 6634 SERS whe 4.8 86 18 
47 cone 967 9648 SRS e793 6767 7S RTOS bgaa ous tg oe pie 728 
673s 6857 6865 6875 6884 $ 
48 6812 6821 6830 6839 6055 6972 6981 423 445 6 8 
49 goog 6011 6920 6928 Goa; 7083 7042 123 345 678 
50 | 0090 Co 423345 678 
51 122348 677 
52 Fore aso. 1G OS eI 
422345 66T 
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Mean Differences 


ASe T 8 


7404 7412 7419 7427 7435 7443 7451 7459 7466 7474|12 2 345 567 

56 | 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 122 34565 567 
67. | 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 | 1 22345 567 
SB | 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701 | 11 2 344 567 
55 | 7709 7716 7723 7731 7733 7745 7752 7760 7787 7774 112344 567 
SÈ | 7782 7789 7796 7803 7810 7818 7825 7832 7839 7845 112344 566 
61 | 7853 7860 7868 7875 7382 7889 7896 7903 7910 7917 |11 2 344 566 
62 | 7924 7921 7938 7945 7952 7959 7966 7973 7980 7987 11233 4 566 
63 | 7993 8000 8007 8014 8021 8028 8035 2041 8048 8055 112 8334 566 
64 | BOS2 8069 8075 8082 8089 8096 8102 8109 8116 8122 | 1 12 334 556 
65 | 8129 8136 Bide 8149 8156 8162 8169 8176 8182 6189 112 334 656 
En | 8195 2202 8209 8215 2222 8228 8235 E% 9248 €254 112 334 656 
. cy | 5234 2887 8274 6200 KEB7 8293 8299 SIs 3312 8319 112 334 686 
če | 8325 8331 8338 8344 8351 8357 3363 8370 8376 8382 112 394 4S6 
63 | B388 6395 8401 8407 3414 8420 8426 8432 8439 8445 112 234 4536 
70 | 8451 8457 3463 847C 3476 8482 8483 8494 8500 8505 e S On DNR AU. 45724) 8S 
74 |0513 2519 8525 8531 9537 £343 8849 8555 8561 8567 | 1 1 2 234 455 
72 | 8573 8579 8585 8591 8597 S03 829 8615 8621 8627 |11 2 2 34 455 
73 | 8633 8639 8545 8651 8657 Besa 3519 8675 8681 8686 1 AN SEAE S E E. Daai AE ER- 
74 | 2692 8698 8704 8710 Q718 8722 8727 8733 8739 8745 | 1 1 2234 455 
75 | 3751 8756 8762 8763 S774 S772 3725 879% 8797 8802 | í 12 233 455 
76 | 8303 8814 8820 8825 8831 3837 8842 8848 3354 8859 112 233 465 
77 | 8865 8871 8876 8382 8887 8893 8399 8904 8910 8915 112233 4465 
78 | 8921 8927 8932 8938 3943 8949 8954 8960 8965 8971|11 2 2383 4465 
79 | 8976 8982 8987 B93 8998 S004 9009 9015 9020 9025|11 2 233 448 
BO | 9021 9036 9042 9047 9053 9058 9053 9069 9074 3079|11 2 233 44 65 
‘Bi | 9085 9090 9096 9101 9106 9112 9117 9122 9128 9133|11 2 233 445 
82 | 9138 9143 9149 9154 9159 9165 9170 9175 9180 $186 |11 2 233 448 
83 | 9191 2196 9201 9206 9212 9217 9222 9227 9232 92358 |11 2 233 445 
By | 9243 9248 9253 9258 9263 9269 9274 9279 9284 9289|11 2 233 446 
8s | 9294 2299 9304 9309 9315 9320 9325 9330 9335 9340|11 2 233 445 
86 | 9345 9350 9355 9360 $365 2370 9375 9380 9385 9390 |11 2 233 445 
87 | 9895 9400 9405 9410 9415 9420 9425 9430 9435 9440/01 1 223 344 
88 | 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489|01 1 223 34 4 
89 | 9494 9499 9504 9509 9513 9518 9523 9528 9533 9538 |01 1 223 3 4 4 
90 | 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586|01 1 223 3 4 4 
91 | 9890 9599 9500 9605 9809 9614 9619 9624 9628 9633/01 1 223 344 
92 | 9638 9642 9647 9653 9657 9661 9666 9671 9675 9680|01 1 223 3 4 4 
93 | 9695 9689 9694 9699 9703 9708 9713 9717 9722 9727|01 1 223 344 
04 | 9731 9736 9741 9745 9750 9754 9759 9763 9768 9773|01 1 223 344 
95 | 9777 9782 9786 9791 9795 9800 8805 9809 9814 9818|01 1 223 344 
96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863 011223 344 
97 | 9868 9872 9877 9881 9886 9890 9894 9899 9903 9903|01 1 223 3 4 4 
98 | 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952|01 1 223 344 
99 | 9956 9961 9965 9969 9974 9978 9985 9987 9991 9996/01 1223 334 


ahi 
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ees Mean Differences 


pa a ee ee 


4900 1002 1005 1007 4009 1012 1014 1016 1019 1021 


1023 1026 1028 1030 4033 1035 1038 1040 1042 1045 
41047 1050 1052 1054 1057 1059 1062 1064 1067 1069 
4072 1074 1076 1079 1081 1084 4086 1089 1091 1094 
4096 1099 1102 1104 4107 1109 1112 4414 1117 1119 
1122 1125 1127 1130 1132 1135 1138 1140 1143 1148 


0 

0 

0 

0 

0 

0 
4148 1151 1153 1156 4159 1161 1164 4167 1169 1172 0 
4175 1178 1180 1183 1196 1139 1191 4194 1197 1199 0 
4202 1205 1203 1211 41213 1216 1219 4222 1225 1227 0 
4230 1233 1236 1239 1242 1245 1247 4259 1253 1256 o 
0 

9 

9 

0 

0 

0 

0 

0 

6 

9 


r ae 


1259 1262 1265 1268 4271 1274 1276 1279 1282 1285 


4288 1291 1294 1297 4300 1303 4306 1309 1312 1315 
1318 1321 1324 1327 1330 1334 1337 1340 1343 1246 
1349 1352 1355 1358 1361 1265 1368 4371 1374 DU 


1380 1384 1387 1390 4393 1396 1400 4403 1406 


2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
f 
1413 1416 1419 1422 4426 1429 1432 1435 1439 1442 2 


1445 1449 1452 1455 4459 1462 1466 4469 1472 1476 
4479 1483 1486 1489 4493 1496 1500 4503 1507 1510 
1514 1517 1521 1524 1528 13 41535 1533 1542 1545 


1549 1552 1556 1560 4563 1567 1570 4574 1578 1581 
4607 1611 1614 4618 


1585 1589 1592 1596 4600 1603 


4738 1742 1746 1750 1754 1 4762 1766 
4778 1782 1786 1791 4795 1799 4803 1807 4814 1816 


1820 1824 1828 1832 1837 1841 1845 

vast We ese e 

5 1910 1088 i 968 1972 4977 1982 1986 4991 
201 3 2028 


ee Sain ae O Sa ae ae OE ENE aR SN 


2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 

3 
3 
3 
3 
3 

3 
3 
3 
3 
3 

3 

3 


z 

g 
SESA SREE 
adoa ooocoe 


0 
0 
2153 7208 2213 2218 2223 
2188 2199 2198 2207 Pose 2265 2270 2279 2200 2286 | 1 
1 
í 
i 
4 
1 


i39 | 2455 2460 2466 2472 247 
| 40 |2512 2518 2523 2529 2535 2541 2547 2553 2559 2564 


$ 2606 
aa | 2570 2576 2582 2588 259° 2000 2667 2673 2679 2685 


8 
2 
i) 
x 
= 
o 

Y 

i 

d 

oe 

LNA 

` 

P 

oe 
VEY 
= 

8 

Y 

pag 

& 

“N 

` 

È 

[S] 

ag 

& 

aa a t a 


2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
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3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
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Anti-logarithms 


Mean Differences 


3 
50 |3162 3170 3177 3184 3192 3199 3206 3214 3221 3228 |11 2 344 567 
St |3236 3243 3251 3258 3266 3273 3281 3289 3296 3304 | 12 2 345 567 
"52 |3311 3319 3327 3334 3342 3350 3357 3365 3373 3381 |12 2 345 567 
"53 |3388 3395 3404 3412 3420 3428 3436 3443 3451 3459|12 2 345 6 6 7 
54 | 3467 3475 3483 3491 3499 3508 2516 3524 3532 3540|12 2 345 6 6 7 
“BS | S548 3556 3565 3573 3581 3589 3597 3606 3614 3622 |12 2 345 677 
“SE |3631 3639 3648 3656 3664 3673 3651 3690 3698 3707|12.3 345 6 7 8 
57 | 3715 3724 3733 3741 3750 3758 3767 3776 3784 37938 |12 3 345 678 
“58 | 3802 3811 3819 3823 5347 3846 3855 3864 2873 3982 |12 3 445 678 
“59 | 3890 3899 3908 3917 3926 3936 3045 3954 3963 3972|12 3 45 5 & 7 8 
“60 | 3981 3990 3999 4009 4018 4027 4036 4046 4055 4064|12 3 45 6 6 7 8 
“Gi | 4074 4083 4093 4102 4111 4121 4130 4140 4150 41594123 456 789 
62 | 4169 4178 4188 4198 4207 4217 4227 4236 4246 5256|12 3 456 789 
“63 | 4266 4276 4285 4295 4305 4315 4325 4335 4345 4355|12 3 45 6 #7 8 9 
"64 | 4365 4375 4385 4395 4406 4416 4426 4436 4446 4457|12 3 456 7 8 9 
-65 | 4467 4477 4487 4498 4508 4519 4529 4539 4550 4560112 3 456 78 9 
-6S | 4571 4581 4592 4603 4613 4624 4634 4845 4656 4667112 3 4 5 6 7 940 
“67 | 4677 4688 4699 4710 4721 4732 4742 4753 4764 4775|12 3 45 7 8 910 
“68 | 4786 4797 4808 4819 4831 4842 4853 4854 4875 4887/12 3 467 8 919 
-68 | 4898 4909 4920 4932 4943 4965 4996 4977 4989 5000|12 3 5 6 7 8 910 
-70 | 5012 5023 5035 5047 5058 5070 5032 5033 6105 5117|12 4 5 6 7 8 911 
-74 | 5129 5140 5152 5184 5176 5188 S200 5212 5224 5236 |12 4 5 6 7 81011 
-72 | 5248 5260 5272 5284 5297 5209 $321 5333 5346 5358 |12 4 5 6 7 91011 
-73 | 5370 5383 5395 5408 5420 5433 5445 5458 5470 5483|13 4 5 6 8 91011 
-74 | 5495 5508 5521 5534 5545 5559 5572 5585 5563. 5510/13 4 5 6 8 91012 
-75 | 5623. 5636 5649 5662 5675 55689 5702 5715 5728 5741|13 4 5 7 8 91012 
“76 | 5754 5768 5781 5794 5808 5821 5834 5848 5861 5875113 4 5 7 8 91112 
-77 | 5888 5902 5915 5929 5943 5957 5970 5984 5998 6012 |13 4 5 7 8 10 11 12 
*7@ | 6026 6039 6053 6067 6081 6095 6109 6124 6138 6152} 13 4 6 7 B 101113 
‘79 | 6166 6180 6194 6209 6223 6237 6252 6266 6281 6295/13 4 6 7 9 1011 13 
BO | 6310 6324 6339 6353 6363 6383 6397 G4i2 6427 6442 113 4 6 7 9 10 12°13 
61 | 6457 6471 6486 6501 6516 6531 6546 6561 6577 6592 |23 5 6 8 9 11 12 14 
82 | 6607 6622 6637 6653 6668 6683 6699 6714 6730 6745 | 23 5 6 8 9 111214 
-B3 | 6761 6776 6792 6808 6823 6839 6855 6871 6887 6902 |23 5 6 8 9 111314 
. *B8 | 6918 6934 6950 6965 6982 6998 7015 7031 7047 7063/23 5 6 810 11 13 15 
-85 | 7079 7096 7112 7129 7145 716; 7178 7194 7211 7228|23 5 7 810 1213 15 
86 | 7244 7261 7278 7295 7311 7328 7345 7362 7379 7396 |23 5 7 810 121315 | 
‘87 | 7413 7430 7447 7464 7482 7499 7516 7534 7551 7568/23 5 7 910 121416 — 
+89 | 7586 7603 7621 7628 7658 7674 7691 7709 7727 7745|24 5 7 914 12 14 16 
+89 | 7762 7780 7798 7816 7834 7852 7870 7889 7907 7925|24 5 7 911 1314 16 | 
| 9G | 7943 7962 7980 7998 8017 8035 8054 8072 8091 8110|24 6 7 911 131517 . 
“91 | 8128 8147 3166 8185 8204 8222 8241 8260 8279 8299/24 6 8 911 13 15 17 
-92 | 8318 8337 8356 8375 8395 8414 8433 8453 8472 8492 |24 6 81012 1415 17 
93 | 8511 8531 8551 8570 8590 8610 8830 8650 8670 869 |24 6 81012 14 16 18 
94 | 8710 8730 8750 8770 8790 8810 8831 8851 8872 8892); 24 6 81012 14 16 18 
95 | 8913 8933 8954 8974 8995 $016 9036 9057 9078 %99 |24 6 81012 1517 19 
96 | 9120 9141 9162 9183 9204 9226 9247 9268 9290 9311 |24 6 81113 151719 | 
$7 | 9333 9354 9376 9397 9419 9441 9462 9484 9506 9528 |24 7 91113 1517 20 | 
~ “3B | 9550 9572 9594 9616 9638 9661 9683 9705 9727 9750 | 24 7 91113 16 18 20 
at 99 | 9772 9795 $817 9840 9863 9886 9908 9931 9954 9977/25 7 911 14 


16 18 20 
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NATURAL SINES 


Mean 
plo |e [we |u| om | ae) me) | | ee 
B | oo [ott | ote | os] 4 | ons [oO 1 7 | 9); 0814 5 

Pee EAEN as 
O || -0000 | 0017 | 0035 | 0052 | 0079 0087 | or05 |0122 |0140 |0157 |3 6 9/12 15 
1 || -0175 |0192 |0209 | 0227 | 0244 0262 |0279 |0297 |0314 | 0332 13 6 9/12 15 
2 || 0349 10366 | 0384 | 0401 | 0419 0436 |0454 |0471 0488 |o506 |3 6 9) 12 15 
8 || -0523 |0541 |0558 0576 |0593 |0610 0628 | 0645 |0663 |0680 |3 6 9) 12 15 
4 || 0698 {0715 |0732 |0750 0767 |0785 | 0802 0819 |0837 |0854}3 6 9) 12 15 
& || 0872 |0889 0906 | 0924 | 0941 0958 | 0976 | 0993 | 1O11 1028]3 6 9/12 14 
6 || +1045 | 1063 | 1080 | 1097 | 1115 1132 |1149 | 1167 1184|1201]3 6 9)12 14 
7 || +1219 [1236 | 1253 | 127! 1288 | 1305 | 1323 | 1340 | 1357 | 1374 |3 6 9|12 14 
R || 1392 | 1409 | 1426 | 1444 | 1461 1478 |1495 |1513 1153011547 |3 6 9/12 14 
9 || 1564 |1582 |1599 1616 | 1633 | 1650 | 1668 į 1685 | 1702 1719{3 6 9|12 14 
10 || -1736 | 1754 | 1771 1788 | 1805 | 1822 1840 | 1857 | 1874 | 1891 |3 6 9/12 14 
11 || +1908 |1925 | 1942 | 1959 | 1977 1994 | 2011 | 2028 | 2045 2062/3 6 9| 11 14 
12 || 2079 |2096 | 2113 | 2130 | 2147 2164 | 2181 | 2198 | 2215 | 2232 | 3 6 g]It 14 
18 || -2250 | 2267 | 2284 | 2300 2317 | 2334 | 2351 2308 | 2385 | 2402 |3 6 8) 11 14 
14 || +2419 | 2436 | 2453 | 2470 2487 |2504 | 2521 2538 | 2554 | 2571 13 6 811 14 
16 || -2588 | 2605 | 2622 | 2639 2656 | 2672 | 2689 | 2706 | 2723 | 2740) 3 6 8} 14 
16 || +2756 |2773 | 2790 2807 | 2823 | 2840 2857 | 2874 | 2890 | 2907 | 3 6 8|11 14 
17 || -2924 | 2940 | 2957 |2974 | 2990 | 3007 | 3024 3040 | 3057 |3074|3 6 8) 11 14 
18 || -3090 | 3107 | 3123 | 3140 |3156 | 3173 | 3190 3206 | 3223 |3239)3 6 & |11 14 
19 || -3256 | 3272 | 3289 | 3305 | 3322 3338 | 3355 | 3371 |3387 | 3404]3 5 8) tt 14 
20 || -3420 | 3437 | 3453 | 3469 | 3486 | 3502 3518] 3535/3551 |3567|3 5 8] tt 14 
21 || -3584 | 3600 | 3616 | 3633 | 3049 | 3665 3081 | 3697 | 3714 |3730)3 5 8) tt 14 
92 || -3746 | 3762 | 3778 | 3795 | 3811 | 3827 3843 | 3859 | 3675 |3891 |3 5 8 |11 14 
98 || -3907 13923 | 3939 | 3955 { 3971 | 3987 |4003 4019 |4035 |4051 |3 5 8 |11 14 
24 || -4067 |4083 |4099 |4115 |4131 4147 |4163 |4179 |4195 |4210 3 5 8j 13 
25 || -4226 14242 |4258 | 4274 | 4289 | 4305 | 4321 4337 | 4352 |4368|3 5 8) 11 13 
26 || -4384 14309 |4415 |4431 |4446 | 4462 4478 |4493 |4509 |4524 |3 5 8| 10 13 
27 || -4540 |4555 |4571 |4586 |4602 |4617 4633 |4648 | 4064 | 4679|3 5 8 |10 13 
98 || -4695 |4710 |4726 | 4741 | 4750 |4772 4787 |4802 | 4818 | 483313 5 8 |10 13 
29 || -4848 | 4863 | 4879 | 4894 | 4909 |4924 | 4939 4955 |4970 |4985|3 5 8|10 13 
0 || -5000 | sors | 5030 | 5045 | 5960 | 5075 | 5090} 5105 | 5770 513513 5 8|10 13 
81 || -5150 15165 5180 |5195 į 5210 | 5225 5240 | 5255 | 5270 5284|2 5 7|10 12 
82 || -5299 |5314 | 5329| 5344 | 5358 | 5373 5388 | 5402 | 5417 | 5432 |2 5 7 |10 12 
88 || -5446 | 5452 |5476 | 5490 | 5505 | 5519 | 5534 5548 |5563 |5577 j2 5 7 | 10 12 
84 || «5592 | 5606 | 5621 | 5635 5650 | 5664 | 5678 | 5693 | 5707 | 5721 | 2 5 7|10 12 
36 || -5736 | 5750 | 5764 | 5779 | 5793 5807 | 5821 | 5835 | 5850 | 5864 |2 5 7) 10 12} 
26 || -5878 | 5892 | 5906 | 5920 | 5934 5948 | 5962 | 5976 | 5990 |6004 |2 5 7| 9 12 
87 || -5018 |6032 | 6046 | 6060 |6074 6088 | 6101 | 6115 |6129 |6143]2 5 7) 9 12 
88 || -6157 |6170 |6184 6198 | 6211 | 6225 | 6229 6252 |6266 |6280]2 5 7) 9 1 
89 || -6293 | 6307 |6320 | 6334 6347 | 6361 |6374 | 6388 | 6401 641442 47| 9 10 
4O || -6428 } 6441 |6455 6468 | 6481 | 6494 | 6508 | 6521 6534 | 654712 4 7| 9 11 
41 || -6561 16574 | 6587 6600 | 6613 | 6626 | 6639 | 6652 6665 |6678)2 4 7} 9 13 
42 || -6691.16704 | 6717 | 6730 6743 | 6756 | 6769 | 6782 | 6794 680712 4 6| 9 I! 
43 || 6820 16833 | 6845 | 6858 | 6871 6884 | 6896 | 6909 | 6921 | 6934 |2 4 6| 811 
44 || -6947 |6959 | 6972 | 6984 | 6997 |7009 | 7022 |7034 7046 |7059|2 4 6) 8 10 
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COM mm MENON NNWWH WUWA FALUN UUW AD Aaan? yay C o œ 0o œ 


COCO m mm mm mnm ma NNNSNN NNNNA WWWWW wwwtww WHORE PRARR 


OO0OOnm mamme NNNNN NWU WWWWh ARARA AUN nunun DARADHA 
aa 
CORB DD NHN ND WHUHE SRAM UNADA Anu Ws Y woww WOODS OSGOd5 


COSCO O00O0Q m m w m m m mom m Hee MN NNN SN DO D N R D N N 


N. EX. PHY.-38 


LOGARITHMIC TABLES 


NATURAL TANGENTS 


9523 |9556 |95' 
9861 9896 | 9930 


291.218 
0157|3 © 9 
033213 6 9 
050713 6 9 

8213 6 9 
085713 6 9 
103313 6 9 
1210}3 6 9 
1388]3 6 9 
156613 6 9 
1745|3 6 9 
1926]3 © 9 
2107|3 © 9 
229013 6 9 
2475|3 © 9 
266143 6 9 
2849]3 6 9 
303843 6 9 
323013 610 
3424]3 610 
362013 7 10 
381943 7 10 
4020}3 7 10 
422413 7 10 
443113 710 
464244 731 
485614 7°! 
507344 71! 
529544 71 
55204 811 
5750.14 812 
59854 812 
6224/4 812 
6469|4 812 
6720|4 813 
6976|4 913 
723914 913 
750845 914 
778545 914 
806915 914 
836151015 
$662] 510 15 
8972151016 
ġ293|5 11 16 
9623 |611 17 
9965 ae 17 
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NATURAL TANGENTS 


80° | 36’ | 42’ 
05 | 06 | 07 


NUMERICAL EXAMPLES IN PHYSICS 


Mean Differences 


m 
w 
(a 


45 || 1:0000 0070 | o105 ]o14t | 0176 | 0212 | 0247 0319] 6 12 18 
46 || 1-0355 0428 | 0464 f osot | 0538 | 0575 | 0612 86] 6 12 18 
47 || 110724 0837 {0875 | 0913 | 0951 | 0990 1067 | 6 13 19 
48 || 11106 1184 | 1224 | 1263 1308 1343 | 1383 1463} 7 13 20| 27 33! 
49 || 11504 1585 | 1626 | 1667 | 17: 1750 } 1792 1875] 7 14 21| 28 34 
50 || 1-1918 2002 | 2045 | 2088 | 2131 | 2174 | 2218 2305| 7 14 22| 29 36} 
51 || 1-2349 2437 | 2482 } 2527 | 2572 | 2617 | 2662 2753| 8 15 23| 30 38 
52 || 1-2799 2892 | 2938 |2985 | 3032 | 3079 | 3127 3222] 8 16 24| 31 39 
58 || 1-3270 3367 | 3416 | 3465 | 3514 | 3564 | 3613 3713| 8 16 25| 33 41 
54 || 1:3764 3865 | 39161 3968| 4019 | 4071 | 4124 4229| 9 17 26| 34 43 
65 || 1-4281 4388 | 4442 | 4496 | 4550 | 4605 | 4659 4770| 9 18 27| 36 45 
p 56 || 1:4826 | 4882 | 4938 | 4994 | 5051 | 5108 | 5166 | 5224 5340|10 19 29| 38 48 
57 || 1°5399 551745577 | 5637 | 5697 | 5757 į 5818 5941 |10 20 30| 40 50 
58 || 1:6003 | 6066 |6128 | 6191 |6255 | 6319 | 6383 | 6447 6577 |11 21 32) 43 53 
59 || 1:6643 | 6775 | 6842 6977 | 7045 | 7113 7251411 23 34| 45 56 
6O || 1:7321 7461 | 7532] 7603 7675 7747 | 7820 7966 |12 24 36| 48 60 
61 || 1:8040 8190 | 8265 | 8341 | 8418 | 8495 | 8572 8728 |13 26 38| 51 64 
62 || 1:8807 8967 | 9047 |9128 | 9210 | 9292 9375 9542 |14 27 41| 55 68 
63 || 119626 9883 a 15 29 44| 58 73 
64 || 220503 0686 | 0778 |0872 | 0965 | to60 | 1155 1348 |16 31 47| 63 78 
65 || 2-1445 1642 | 1742 | 1842 | 1943 | 2045 | 2148 2355 | 17 1| 68 8 
66 || 2:2460 2673 | 2781 |2889 aad 3109 | 3220 3445 |18 > a 73 a 
67 || 23559 3789 | 3906 | 4023 | 4142 | 4262 | 4383 4627 120 40 60] 79 99 
68 || 2:4751 5002 | 5129 | 5257 | 5386 | 5517 | 5649 5916 |22 43 65| 87 108 
69 || 26051 6325 | 6464 6746 | 6889 | 7034 7326|24 47 71| 95 119 
7O || 2:7475 7776 |7929 [8083 | 8239 | 8397 | 8556 8878 |26 52 78) 104 131 
71 || 219042 58 87} 116 145 
72 || 310777 2506132 64 96|129 161 
73 || 312709 4646 136 72 108| 144 180 
74 || 34874 7062 |41 81 122| 163 204 
75 || 37321 7848-| 8118 |8391 | 8667 | 8947 Í 9232 | 9520 | 9812|46 93 139186 232 
76 || 40108 0713 | 1022 |1335 | 1653 | 1976 | 2303 | 2635 | 2972 | 53 107 160| 213 267 
77 || 43315 4015 | 4374 | 4737 | 5107 | 5483 | 5864 | 6252 | 6646 
78 || 47046 7867 | 8288 |8716 | 9152 | 9594 |5:0045]5-0504|5:0970) Mean differences cease 
79 || 5:1446 2422 | 2924 | 3435 | 3955 | 4486 | 5026 | 5578 | 6140| ~ 0. be. sulliciently 
80 || 56713 7894 | 8502 19124 | 9758 |6-0405f6: 10666: 1742|6-24321 
81 || 6:3138 4596 | 5350| 6122 | $912 | 7720 | 8548 | 9395 [7:0264 
82 |] 71154 3002 | 3962 | 4947 | 4958 | 6996 | 8062 | 9158 |8-0285 
83 || 8-1443 | 2636 | 3863 | 5126 | 6427 | 7769 | a152 [9"0579|9"2052|9"3572] 
84 || 9:5144 | 9°677| 9°845| 10°02] 10°20} 10:39 |1058 | 10°78 | 10°99 | 11°20 
85 || 11-43. | 11-66] 11-91]12-16} 12-43) 12-71 | 13:00] 13-30 | 13°62 | 13°95 
86 || 14°30 | 14°67] 15°06]15°46] 15°89] 16°35 | 16:83 | 17-34 | 17°89 | 18-46 
87 || 1908 | 19°74] 20°45|21-20| 22+02| 22:90 | 23:86 | 24-90 | 26°03 | 27°27 
88 || 28:64 | 30°14] 31°82|33°69 | 35°80] 38°19 | 40-92 | 44-07 | 47°74 | 52°08 
89 || 57:29 | 63-66] 71°62/81-85 | 95°49) 114°6| 143-2 | 191-0 | 286-5 | 573-0 

(aei 
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Numerical Examples in Physics (9CA 80) 


CC 1428 12 880 Rs, 36:00 


